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GENERAL INTRODUCTION 
Explanation of Thesis Format 
The research data in this dissertation are presented in the form 
in which they are to be submitted for publication. Section I will be 
submitted to the Journal of Bacteriology in August, 1989. At the same 
time, Section II will be submitted to the journal Plasmid. The 
literature review provides a general introduction and a review of 
pertinent information on gene expression in bacteria and is designed 
to give the reader some back^ound on Bacillus thuringiensis and on 
Gram-positive genetics. 
Objective 
The Gram-positive bacterium B. thuringiensis is a typical endospore-
forming rod that possesses the remarkable ability to kill the larvae of 
various insect pests, depending upon the strain the insects ingest. The 
severity and extreme specificity of toxicity resides in an anhydrous 
protein crystal that is synthesized exclusively during sporulation. 
Intensive research on this microorganism both here in the United States 
and around the world has been focused squarely on this parasporal 
crystalline inclusion, both to understand how it Is synthesized and to 
elucidate its mechanism of action upon its target insects. A recent and 
comprehensive computer search for the set of all published sequences 
from the genomic DNA of this bacterium was performed; all such 
sequences were derived from crystal toxin genes. By understanding how 
this bacterium regulates the temporal expression of its other (i.e., 
"housekeeping") genes, a clearer grasp of how crystal gene expression is 
regulated will be obtained, and perhaps lead to improved strategies by 
which the action of this toxin against insect pests of agricultural and 
medical importance can be manipulated to provide improved utility as an 
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insectlcldal agent. 
The research strategy employed here is to physically Isolate and 
characterize DNA sequences from B. thuringiensis that are recognized in 
vivo by RNA polymerase for the initiation of transcription. Several forms 
of RNA polymerase are thought to exist in B. thuaingiensis, and each would 
have an affinity for its own particular type of promoter sequence. Because 
insecticidal protein crystals and endospores are both synthesized only 
after the onset of stationary phase, and because these two processes are 
known to be largely regulated at the level of transcription, it should be 
possible to isolate the promoters of genes that are specifically expressed 
during this time. 
Promoter sequences from many different bacteria, including those 
from several different B. thuringiensis insecticidal crystal genes, function 
in E. colL Thus, it should be possible to clone many other B. thuringiensis 
promoters into this genetic background and detect their transcriptional 
activities. Furthermore, selection of cloned promoters with temporally-
dependent patterns of transcriptional activity should be possible with 
RNA probes composed of sequences which hybridize to the 5' ends of the 
genes which they control, provided that part of the gene is cloned along 
with the promoter. 
Characterization of temporally-dependent promoter sequences in 
B. thuringiensis will provide significant Information on the differentiation 
of bacterial cells and on the mechanisms used by bacteria to alter their 
patterns of gene expression in response to diverse environmental signals. 
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LITERATURE REVIEW 
Introduction 
The purpose of this literature review is to describe the 
background upon which the experiments described in Sections I and 
II of this dissertation were performed. The intent is first to discuss 
the global mechanisms by which procaryotlc cells regulate gene 
expression. This begins with a description of the basic elements of 
which a typical bacterial gene is composed, and a review of how 
procaryotic cells regulate the expression of their genes at the levels of 
transcription, translation and post-translational processing, ultimately 
resulting in the expressed phenotype. This is followed by an 
introduction to the bacterial model system studied here. Bacillus 
thuringiensis. The next section describes the tools and strategy used in 
this research to ask questions about gene expression in JB. thuringiensis. 
Lastly, the potential for understanding the similarities and differences 
between B. thuringiensis and how other bacteria utilize their genetic 
information will be assessed relative to new information regarding/ 
Gram-positive genetic transfer. 
The Structure of Bacterial Genes 
A bacterial cell typically contains several hundred (800-1000 in 
Mycoplasma sp.) to several thousand (3500 in Escherichia coli) genes in 
its single circular chromosome (Watson et al, 1987), depending on its 
overall size and morphology. Many bacteria also contain extra-
chromosomal DNA elements that carry variable numbers of additional 
genes. At any given time, however, only a fraction of these genes are 
working, i.e., are actively engaged in the synthesis of product. The 
fraction of genes expressed during exponential growth in rich medium 
may be quite large with respect to the total, whereas other genes are 
expressed selectively, during certain stages of development, for 
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example, or in response to environmental signals. The research 
described in this dissertation is aimed at understanding the molecular 
basis of this gene regulation. 
A typical bacterial gene contains information in nucleotide bases 
along a strand of DNA that commonly encodes for a protein product. A 
few genes (about 1% of the total) encode rRNA and tRNA gene 
products. Each gene contains several functional components. At the 
beginning of a gene is a region, known as a promoter, which consists 
of the sequence of bases in the DNA recognized by the transcriptional 
machinery and hence specifies whether or not the gene will be 
expressed (turned on or off) and to what extent (promoter strength). 
For highly expressed genes (i.e., whose gene products are abundant), 
promoters are usually "strong", whereas inefficiently expressed genes 
usually have "weak" promoters. 
A promoter contains two main subrogions of sequence 
conservation, each consisting of only a few bases, centered at 
nucleotides -35 and -10 bases from the start point of the mRNA on the 
template (base +1 is defined as the first base of the mRNA transcript; 
there is no base designated "0"). The -10 region has been termed the 
Pribnow, or TATA, box because of its characteristic AT-rich sequence. 
These two promoter elements are the actual contact points for the 
multisubunit enzyme, RNA polymerase, which binds to the promoter 
and synthesizes an mRNA copy of the structural gene in the 5' to 3' 
direction. The sequence of bases within these two conserved 
elements governs the affinity of RNA polymerase binding to DNA, and 
hence the frequency of promoter utilization and the rate at which 
transcripts are produced. In Escherichia colU once RNA polymerase 
has Initiated transcription, RNA chain elongation proceeds in vivo at a 
steady rate of approximately 50 nucleotides per second at 37 °C under 
optimal conditions (Chamberlin, 1976). 
In addition to regions Immediately upstream from the gene, 
other DNA sequences may influence the ability of RNA polymerase to 
recognize a particular promoter; such sequences may lie far upstream 
(in the 5' direction) or even downstream (in the 3' direction) of the 
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gene and serve an "enhancer-like" function by binding transcriptional 
activator proteins that work at a distance to assist the transcriptional 
machinery in initiating mRNA synthesis. Enhancer-like binding 
proteins may interact directly with RNA polymerase bound to a 
promoter because the DNA double helix in-between is capable of 
bending, kinking, or looping out (Popham et al 1989). 
Still other characteristic sequences influence RNA polymerase-
promoter interactions. These may be located very near to, or even 
overlap, the promoter, and serve an operator-like function. Repressor 
proteins, such as the Lac repressor (Gilbert and Muller-Hill, 1966) or 
the phage X, repressor (Ptashne and Hopkins, 1968), bind to such 
operators, and prevent RNA polymerase from binding to its intended 
promoter site. Activator proteins, such as the catabolic activator 
protein (CAP), may also bind to such sites (Zubay et al, 1970) and 
function to assist RNA polymerase-promoter interactions. 
When RNA polymerase successfully binds to a promoter, it forms 
a reversible "recognition", or "open-promoter", complex, and locally 
denatures the DNA duplex in the vicinity of the -10 region. 
Subsequently, RNA polymerase undergoes a transition to a "closed-
promoter" complex and initiates transcription. At base +1, the 
enzyme begins to incorporate ribonucleoside triphosphates from the 
cytoplasmic solvent into a growing chain of mRNA in an order 
specified by the sequence of deo^qnibonucleotides in the template 
(sense) strand (the first ribonucleotide is either ATP or GTP). The 
distance between the 5' end of the transcript and the translation 
initiation codon, AUG, is variable. This 5' untranslated leader region 
contains a short sequence of purine-rich ribonucleotides homologous 
to the 3' end of 16S rRNA, a component of the 30S ribosomal subunit. 
In the DNA sequence, this region is termed the Shine/Dalgamo box or 
the ribosomal binding site (rbs). The sequence homology between the 
rbs and the 168 RNA governs the thermodynamic affinity of the 
transcript for the ribosome, and hence partially controls its frequency 
of translation into protein. 
Downstream from the rbs is the structural gene, consisting of 
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the codons that specify the amino acid sequence of the protein. Sixty-
one different 3-base codons can be used to specify the 20 different 
amino acids that are incorporated into protein. The final codon of all 
genes is the stop codon, the position on the mRNA where ribosomes 
disengage from the transcript during translation, thus halting amino 
acid incorporation into nascent polypeptide chains. Three different 
stop codons are used: UAG (amber); UGA (opal): and UAA (ochre). 
In bacteria, a single transcript can contain the information for 
several structural genes or cistrons. Messages that contain two or 
more cistrons are referred to as "polycistronic." Such mRNAs are the 
product of transcription from a polycistronic operon. i.e., one or more 
structural genes whose transcription is controlled by the same 
upstream promoter. Each structural gene contains its own rbs, and 
these may display different intrinsic affinities for the 3' end of 16S 
rRNA. 
Many transcripts also have a 3' untranslated region of variable 
length (Watson et al, 1987). This region may contain stable self-base-
paired structures that resemble hairpin loops. Such structures may 
lengthen mRNA half-life by protecting the transcript from the action 
of ribonucleases which degrade RNA molecules in a 3' to 5' direction. 
mRNA half-life in bacteria for most genes is about 1-2 minutes (Watson 
et al, 1987), but can be as long as 15-20 minutes. An extremely long 
miRNA half-life of 40 minutes has recently been reported for the ermC 
gene encoded by plasmid pE194 in B. subtilis (Bechhofer and Dubnau, 
1987). 
Just downstream from the 3' end of a structural gene in bacterial 
DNA lies the transcriptional terminator, a sequence of bases capable of 
forming a self-hybridizing hairpin loop. When RNA polymerase 
encounters one of these structures during RNA chain elongation, it 
falls off of the DNA and transcription terminates. Two types of 
transcriptional terminators have been described, rho-dependent and 
rho-independent. Rho proteins bind to rho-dependent transcriptional 
termination hairpin structures and stabilizes them; rho-independent 
terminators do not require binding of Rho protein because they 
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possess a stable, self-complementary structure that possesses a large 
free energy of binding between complementary strands. The stronger 
the free energy of binding within the base-paired termination 
structure, the more readily RNA polymerase will fall off during an 
encounter. A weak transcriptional terminator will thus allow a limited 
number of RNA polymerase molecules to proceed through the 
terminator and into genes located further downstream. 
Gene expression in bacteria can be controlled by cellular 
mechanisms at any of several levels: 1) by regulating transcription, 2) 
by post-transcriptional mechanisms, 3) by regulating translation, or 4) 
by post-translational mechanisms. In addition, the nucleotide 
sequences themselves exert effects at one or more of the above 
identified levels of control. 
The Control of Gene Expression: Transcription 
The first level of control in a bacterial cell is at the level of 
transcription, the process by which the enzyme RNA polymerase 
synthesizes an RNA copy of a given structural gene. Transcription 
initiation can be prevented altogether by making the gene unavailable 
to RNA polymerase by removing the promoter region. A phenomenon 
known as phase variation occurs in Salmonella typhimurtum, which 
allows it to alternate its flagellar type from one form to another. This 
occurs by an excision-replacement event that involves a short, one 
kilobase, segment of DNA; the invertable fragment contains a 
promoter that is productive when attached to one of the two flagellar 
[fla ) genes in only one of its two orientations. Moreover, the 
transcription unit controlled by the invertable promoter also contains 
a gene, downstream from Jla, which encodes a transcriptional 
repressor for the second Jla gene. Thus, only one Jla gene can be 
expressed at a given time, depending upon the orientation of the 
invertable element. Under certain conditions, perhaps triggered by 
slow growth, or the result of a successful host-antibody response, the 
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promoter-containing DNA is excised from the chromosome and is 
inverted in orientation. The original Jla gene thus becomes 
transcriptionally silent, and the other Jla gene product is synthesized 
because of a lack of repressor (Simon et al, 1980). 
A related mechanism is known as gene conversion. 
Bacteriophages (with prophage intermediates) and transposable 
elements similarly exploit gene conversion to regulate the expression 
of certain genes. An example of the former occurs in Staphylococcus 
aureus via bacteriophage L54a integration, which occurs directly into 
the middle of the glycerol ester hydrolase igeh) gene, resulting in its 
insertional inactivation (Lee and landolo, 1985). The resulting 
phenotype of the cell is negative for lipase activity. Upon curing the 
strain of prophage, lipase activily returns. 
The ability of RNA polymerase to bind to promoters can be 
blocked completely or it can be modulated. RNA polymerase, one of 
the largest proteins in the cell, has a complicated subunit structure 
and a molecular weight of nearly 500,000. RNA polymerases are very 
abundant, consisting of nearly 1% of the total cell protein (Watson 
et al, 1987). A typical RNA polymerase consists of several subunits: 
beta (p), beta-prime (()'), two alpha (a) subunits and sigma (o) 
(Chamberlin, 1976). E. coli RNA polymerase, for instance, is present 
in two major forms: core enzyme, pp'a2 (or "E"), and holoenzyme, 
PP'ot2<y (or "Ea"). Sigma factors confer on core RNA polymerase the 
ability to bind specifically to a given type of promoter sequence 
(Burgess et al, 1969; Travers and Burgess, 1969; Losick and Pero, 
1981). 
A growing list of bacteria contain multiple forms of RNA 
polymerase that differ only in their a factors (Hellman and 
Chamberlin, 1988). Some of these have been designated Ect^T' , Ect^s , 
EO29 , Ea30 , E(j32 , Eo^S , , EO43 , Eo^^ , Eo^O , EaT4gp55 , 
EaSPOlgp28 ^ and EaSPOigp33/34 (among others). The last three are 
bacteriophage encoded o factors. The numbers in superscript refer to 
the molecular weight (x 10"3) of the a factor protein. Losick et al 
(1986) have recently proposed a new nomenclature for a factors in B. 
9  
subtûis, because of the narrow range of molecular weights displayed by 
these a factors (average, approximately 29 Kdal). Therefore, has 
been renamed , 0^7 ig now , 0^2 became became , 0^9 
became , o^O became , and became (Losick et al, 1986). 
All a factors share several areas of amino acid homology (Stragier et al, 
1985). In particular, all a factors for which a deduced amino acid 
sequence is available exhibit striking homologies to each other in a 
highly conserved region thought to be the binding site to core RNA 
polymerase. 
Alternate a factors are synthesized when a situation requires the 
expression of a completely new set of genes, e.g., during the process 
of sporulation in B. subtilis (involving up to seven distinct a factors), 
during the heat shock response (a^^ ) in the Enterobacteriaceae 
(Grossman et al, 1984), when nitrogen fixation commences in 
heterocysts of cyanobacteria (CT54 ) or when nitrogen starvation occurs 
in E. coli (CT54 ), by Streptomyces coelicolor during growth on agar as a 
sole carbon source (Buttner et oL, 1988), and in the synthesis of 
flagellar and chemotaxis genes in the Enterobacteriaceae (Hellman and 
Chamberlin, 1987). Recently, Klimpel et al (1989) used antisera 
specific for several different enterobacterial a factors to identify by 
Western blot four putative a factors in Neisseria gonorrhoeae, and Ninfa 
et al (1989) demonstrated that E. coUEg^"^ recognizes in vitro certain 
flagellar gene promoters from Caulobacter crescentus, A new a factor, 
o24, has been discovered in E. colU the fifth now known to exist in this 
bacterium. Ea24 specifically recognizes the rpoHp3 promoter, one of 
the four promoters upstream of the rpoH gene, which encodes the a 
factor a32 (Wang and Kaguni, 1989). 
After initiation of transcription, the a factor dissociates from the 
holoenzyme (Ea) and recycles to an available free RNA polymerase 
core (ct + E = Ea) and assists it in binding to an unengaged promoter 
that a recognizes. Not all sigma factors have yet been discovered, 
because, for example, antibodies raised against a 14-residue synthetic 
peptide with a highly conserved amino acid sequence from the core-
binding region of several sigma factors cross-reacted with several 
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uncharacterized E. coli proteins besides a^O, o32^ and a54 (Ishihama, 
1988). 
The binding of RNA polymerase to DNA can be blocked by 
occluding the promoter sequence with a repressor protein bound at a 
nearby operator sequence. The classic example of operator-repressor 
interaction occurs in the Lac operon. The Lac repressor protdin binds 
to and covers a 24 bp DNA sequence centered at base +11 of the lacZ 
structural gene. Transcription is blocked because bound repressor 
protein overlaps the transcript start point (Pabo and Lewis, 1982). 
Lac repressor protein can only bind to its operator in the absence of a 
small p-galactoside Inducer molecule (i.e., allolactose); when present, 
inducer binds to the repressor, causing repressor to undergo a change 
in molecular shape, and rendering it incapable of DNA binding (Watson 
et al, 1987). 
E)ven when the Lac repressor has been inactivated by the 
inducer molecule, expression of the lactose operon requires a positive 
regulatory signal. This is conferred by catabolite activator protein 
(CAP), which, when bound to cyclic AMP (cAMP), a signal that 
intracellular glucose levels are low, is able to bind to a site on the DNA 
just upstream of the lac promoter. In so doing, CAP-cAMP assists the 
RNA polymerase in binding to the lac promoter, perhaps by local 
protein-protein interactions (DeCrombrugghe et al, 1984). 
The bacteriophage A, cl protein is an example of a DNA-binding 
protein that acts both as a transcriptional repressor and as a 
transcriptional activator (Ptashne, 1989). The X, repressor binds as a 
dimer to its operator sites on X DNA. At these sites, it blocks 
transcription from two very strong promoters (Pr and Pl ), each 
controlling the expression of a long array of lytic genes. 
Simultaneously, X repressor activates the transcription of its own gene 
from a weak promoter (Prm ) divergently oriented with respect to the 
rightward lytic gene promoter (Pr); this ensures that the 
concentration of X repressor will continue to be saturating with 
respect to operator sites (Ptashne, 1987). The specific signal that X 
responds to in switching from the lysogenic to the lytic state is a 
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proteolytic attack on repressor by host cell RecA protein in response 
to DNA damage, one of the many manifestations of the SOS-response 
(Roberts and Roberts, 1975). Proteolytic inactivation of repressor 
thus nullifies its ability to block expression of the lytic genes, and A, 
phage subsequently lyses the cell. It has recently been proposed that 
the evolutionary ancestor of X repressor may not have possessed an 
ability to activate transcription; late in the evolution of the phage, 
mutations affecting a few amino acid residues might have allowed for 
new interactions to occur with RNA polymerase (Raibaud, 1989). 
Enhancer-binding proteins, first characterized in eucaiyotic 
systems, have recently been demonstrated to exist in bacteria. The 
best understood example of this phenomenon is the nitrogen 
regulatory protein, NtrC (Popham et al, 1989), which binds to 
enhancer sequences in DNA far up- or down-stream of the glutamine 
synthetase {glnA) gene in both E. coli and S. typhimurium As a 
consequence of binding to its enhancer site, the effective local 
concentration of NtrC, with respect to RNA polymerase, is increased, 
thereby catalyzing the binding of RNA polymerase to 0^4 to form 
holoenzyme Ec54 , which is now able to bind the glnA promoter. The 
ability of NtrC to bind to its enhancer is strongly influenced by 
phosphorylation; when the nitrogen status of the cell is unfavorable, 
NtrC is phosphorylated and binds to its enhancer. NifA is another 
enhancer binding protein that works at a distance in conjunction with 
the same form of RNA polymerase holoenzyme (Ea54), in this case to 
activate the transcription of nitrogen fixation genes. 
Another mechanism by which RNA polymerase can be denied 
interaction with a particular promoter is through specific methylation 
of crucial nucleotides. An example of this phenomenon occurs in the 
expression of the transposase gene of TniO. The transposase 
promoter is inactive when both strands are methylated at an adenine 
residue within a characteristic GATC sequence. During DNA 
replication, the gene briefly exists in a hemimethylated state, resulting 
in an increase in promoter utilization (Roberts etal, 1985). 
Mechanisms exist to prevent full length copies of mRNA from 
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being synthesized. One mechanism is by premature termination of 
transcription. An example of such a phenomenon is the 
transcriptional attenuation of trp operon expression in E. coli (Yanofsky 
and Kolter, 1982; Yanofsky, 1987). Depending on the intracellular 
level of tryptophan, the nascent mRNA adopts one of two possible 
conformations in the "leader peptide" region. The major 
characteristic of the attenuator is the presence of two consecutive Trp 
codons (UGG). When tryptophan levels are so low that the rlbosome 
has to pause to wait for tRNA^n) to arrive at the growing point of the 
nascent polypeptide (the ribosomal "A" site), the leader peptide region 
of the transcript assumes the alternate conformation, preventing a 
transcriptional terminator hairpin structure from forming nearby; thus 
RNA polymerase is able to proceed past the attenuator and continue 
downstream to the 3' end of the operon. The his operon is an even 
more extreme example of transcriptional attenuation, containing 
seven contiguous His codons in the transcript leader peptide region 
(Yanofsky, 1987). The leader peptide itself has no known cellular 
function, and it is quickly degraded by cellular proteases soon after 
synthesis. 
Even if RNA polymerase encounters a transcriptional terminator, 
either naturally residing at the end of a gene or transiently present at 
the beginning of a gene, mechanisms exist to allow RNA polymerase to 
continue to downstream sequences (Watson et al, 1987). The best 
characterized example of a transcriptional anti-termination protein is 
the bacteriophage X N protein, which is thought to bind to a 
promoter-proximal site termed nut, on X DNA, as RNA polymerase 
chain elongation proceeds through nut. In the process, N protein 
becomes an integral component of the transcriptional apparatus, and 
endows an RNA polymerase with the ability to ignore transcriptional 
termination signals (Barik et ai, 1987). 
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The Control of Gene Expression: Post-transcription 
The average half-life of mRNA In bacteria is one-and-a-half 
minutes (Watson et al., 1987). Because many large transcripts may-
take longer than a minute to be synthesized by RNA polymerase, some 
of these molecules are probably already being degraded before their 
synthesis is complete. However, some mRNA molecules are more 
stable; RNA lifetime is genetically programmed by the nucleotide 
sequence and determines the chance that a ribonuclease will attack 
the molecule. RNase 111 appears to function as the main endonuclease 
in bacterial cells; the nuclease attack signal it recognizes is a specific 
hairpin loop, and its activity generates newly exposed 3' termini 
(Brawerman, 1987). Cleavage at these loops opens up the mRNA 
molecule for destruction by yet other RNases in the cell; thus RNase 
III catalyzes or accelerates mRNA destruction. The two main 3' 
exonucleases responsible for mRNA degradation from exposed 3' 
termini are RNase II and polynucleotide phosphoiylase (Donovan and 
Kushner, 1986). 
Some mRNA molecules are longer-lived than others, and this 
has a profound impact upon the level of protein product which 
accumulates. For instance, the ompA transcript in E. coli is 5-fold 
more stable than bla mRNA. Replacement of the 3' end of the bla 
transcript with similar sequences from ompA had little effect on 
mRNA stability. Alternatively, 5' replacement of bla mRNA with 
corresponding ompA sequences improved stability by a factor of 4 
(Belasco et al, 1986). Bacterial transcripts therefore contain discrete 
structural determinants that influence their stability. Because 3' exo 
RNases are apparently not rate limiting and because 5' exo RNases 
have never been observed in bacteria, it has been proposed that a 
critical endonucleolytic cut occurs first, followed by 3' exo action. An 
example of a structural determinant of mRNA stability located at the 3' 
end of a transcript occurs in the B. thuringiensis crystal gene mRNA 
(Wong and Chang, 1986). In this case, the structure is thought to 
provide a barrier against 3' exo RNase activity (Brawerman, 1987). 
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Because no 5' to 3' RNases have ever been purified from bacteria, 
there is no a priori reason to assume they do not exist (King et al, 
1986). 
A limited number of reports indicating that some procaryotic 
mRNA molecules contain introns have appeared. Three of these are 
found in bacteriophage T4. Another has recently been discovered In 
B. subttlis phage SPOl (Dr. Larry Gold, University of Colorado, personal 
communication). Other examples are found in some archaeobacterial 
tRNA genes (Schmidt, 1985). All of these are so called "group I 
introns" where the intron folds into a 3-dimensional conformation to 
form an active catalytic RNA moiety that can self-splice tn vitro and 
requires only magnesium, guanosine and water (Chu et al, 1987). 
Each of the T4 introns contains a long open reading frame (ORF), and 
it has been proposed that ORF translation could inhibit intron splicing 
(Gold, 1988). Sequence analysis, however, suggests that the ORF 
Shine-Dalgamo site is occluded by stable intron secondary structures. 
Two of the T4 introns interrupt genes encoding enzymes 
(ribonucleotide reductase and thymidylate synthetase) involved in the 
diversion of ribonucleotides for host RNA synthesis to 
deoxyribonucleotides for phage DNA synthesis; the two enzymes 
catalyze the only two reactions in T4 infection that use up "reducing 
power." If reducing power became too scarce during infection, T4 
could be signalled through this mechanism to cease making additional 
deoxyribonucleotides and instead use up the last of the available 
reducing power to fuel capsid protein synthesis and host cell lysis. 
The result would be a smaller burst size, but at least the few T4 
genomes made would not be caught without a capsid. The specific 
signal could be a guanosine-type derivative molecule similar to ppGpp, 
which might bind to ribosomes and thus cause them to bind 
preferentially to introns, which might inhibit their splicing reaction 
mechanism, and yield a dysfunctional or truncated enzyme. 
Amino acid starvation in bacteria results in a collective and 
highly specific transcriptional regulation of stable RNA (rRNA and 
tRNA) genes, e.g., stable RNA suffers a 20-fold drop in synthesis 
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compared to only a 2- to 3-fold drop in mRNA synthesis. The reduced 
rate of RNA accumulation during amino acid deprivation is strongly 
correlated with a rise In the Intracellular concentration of ppGpp. 
Within minutes of the onset of starvation, the ppGpp concentration 
rises from an essentially undetectable level to 1 mM or more; the 
apparently "magical" speed with which it appears on chromatography 
plates led to Its being dubbed the "magic spot" (Lamond, 1985). This 
rapid synthesis of ppGpp is apparently induced by the binding of 
uncharged tRNAs to ribosomes. A rlbosomal protein, the product of 
the relA gene, has been shown to synthesize ppGpp; in turn, there is 
evidence that ppGpp interacts directly with RNA polymerase to inhibit 
its activity at rRNA, but not mRNA, promoters. Thus, ppGpp has been 
termed an "alarmone", which registers the onset of starvation 
conditions and elicits the concomitant response (Lamond, 1985). 
The Control of Gene Expression: Translation 
Shlne-Dalgamo sites play an important role in determining the 
cellular concentration of a given protein because these sequences, 
located in the 5' untranslated region of a transcript, directly control 
frequency of rlbosomal attachment to mRNA by its homology to the 3' 
end of 16S rRNA, and hence the rate of translatlonal initiation. Two 
examples illustrate the importance of these sequence elements in the 
control of gene expression. The first occurs in a polycistronic 
message that encodes three proteins of different function in E. coli, 
rpsU (rlbosomal protein S21), dnaG (RNA primase) and rpoD (o^O), 
The middle gene product is synthesized at an 800-fold lower level 
than Its upstream neighbor and 60-fold lower than its downstream 
neighbor (Konigsberg and Godson, 1983). Although differential RNase 
activity on this same polycistronic transcript has been demonstrated 
(Burton et al, 1983), and proteolytic processing could be invoked to 
explain this observation as well, the dnaG rbs is extremely inefficient 
with respect to the rlbosomal binding sites of the other two genes. 
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A second example of gene regulation at the level of ribosomal 
recognition of mRNA in prokaryotes occurs in the Vibrio cholerae 
ctxAB operon, which encodes the cholera toxin. Each synthesized 
toxin molecule is known to consist of one A subunit and five B 
subunits, yet the ctxAB operon contains only a single copy of each 
gene. Moreover, transcription of both genes is known to be under the 
control of the same promoter [ctxA is promoter-proximal). When ctxB 
was placed under the control of the ctxA Shine-Dalgarno site, 
translation occurred at a level nine-fold lower than wild type (Betley 
et ai, 1986). By this criterion, the ctxA rbs is 5-9 fold "weaker" than 
the rbs for ctxB. 
A cell can overcome the existence of a "weak" Shine-Dalgamo 
sequence by a mechanism known as "translational coupling" which 
results in a much more productive ribosome binding event. An 
example of how this works in the galactose operon of E. colt is detailed 
by Schumperli et al (1982). The phenomenon concerns the ability of 
ribosomes to initiate translation at the galK ribosomal binding site. 
The galK gene is the third and last gene in the galactose operon, and 
is preceded by galT. Nucleotide sequencing revealed that the galT 
UAA (ochre) stop codon occurs only 3 bases upstream of the galK AUG 
initiation codon. Hence the GGAG Shine-Dalgamo sequence for galK 
lies entirely within galT coding sequences. When the end of galT was 
separated from the galK ribosomal binding site by different nucleotide 
lengths, synthesis of GalK protein was reduced. When the end of galT 
was overlapped with galK sequences, synthesis of GalK protein was 
stimulated. The theory that best explains these observations supposes 
that a recently terminated ribosome would already be in the vicinity of 
the weak galK ribosomal binding signal, leading to an increased local 
concentration of ribosomal subunits, causing probably the same 
ribosome to initiate at galK (Schumperli et al, 1982). 
The same phenomenon of translational coupling allowed Doi and 
his colleagues to fortuitously clone the subtilisin gene promoter of B. 
subtilis upstream of a CAT reporter gene in promoter-probe plasmid 
pGR71. The promoterless CAT gene in pGR71, which replicates in 
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both E. coli and B. subtUis, is derived from the E. coli transposable DNA 
element Tn9; in constructing this plasmid, the CAT Shine-Dalgamo 
site was retained. The CAT ribosomal binding site functions in E. coli 
but not in B. subtilis, because Gram-positive Shine-Dalgamo sites 
interact with their cognate rlbosomes with a stronger free-energy of 
binding. Thus Gram-positive ribosomes do not bind to mRNAs with 
Gram-negative Shine-Dalgamo sites because they lack sufficient 
sequence homology with the 3' end of the Gram-positive 16S rRNA 
molecule. pGR71 is therefore a promoter-probe as well as a Shine-
Dalgamo-probe plasmid when the cloning host is B. subtilis, but only a 
promoter-probe plasmid when the host is E. coli The DNA insert 
containing the subtilisin promoter has been termed the "S-fragment." 
Sequence analysis later revealed that the fusion of the S-fragment to 
the cloning site in pGR71 illicitly created a stop codon; in B. subtilis, 
ribosomes Initiate translation at the subtilisin ribosomal binding site, 
proceed downstream, and terminate at the stop codon. Because the 
Gram-negative ribosomal binding site is nearby, and because the local 
concentration of ribosomal subunits is unusually high, the Gram-
positive ribosome-Gram-negatlve ribosomal binding site interaction 
occurs. 
Ribosome-mRNA binding may be more complicated than the 
simple homology between the Shlne/Dalgamo sites on mRNA and the 
3' ends of 16S rRNA. Additional interactions between the transcript 
and the 5' end of the 16S rRNA may also be important. When 251 
gene sequences from E. coli were compared to each other, 246 of the 
transcripts were found to contain a short run of nucleotides, from +4 
to +21 of the structural gene sequence, capable of hybridizing to some 
portion of the 5' end of 16S rRNA, in the region of nucleotides 1-16. 
The region of mRNA-rRNA complementarity can range from 3 to 8 
base pairs. Comparison of these real-gene sequences with 117 false-
gene start sequences, where sequencing data has revealed the 
presence of methionine AUG codons fortuitously placed downstream 
from a plausible Shine/Dalgamo site (none are actual translational start 
points in E. coli), indicated no such sequence complementarity to 16S 
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rRNA 5' ends (Petersen et al, 1988). 
Further evidence that there Is more to translational initiation 
than a simple interaction between a ribosome and a mRNA-ribosomal 
binding site is presented by Olins et al (1988). These workers 
showed that the bacteriophage T7 gene 10 leader sequence (5' 
untranslated portion of the gene 10 mRNA) dramatically enhances the 
expression of foreign genes in E. coli by up to 40-fold more than that 
obtained with a "consensus" ribosomal binding site fused to the gene of 
interest. Gene 10 encodes the phage T7 coat protein, and as such, is 
a very abundantly synthesized protein. 
Synthesis of the plasmid pE194 encoded eiythromycin 
resistance determinant adenine methylase (ermC) is controlled at the 
level of translational initiation by a mechanism similar to the 
transcriptional attenuation model for amino acid biosynthetic opérons 
described by Yanofsky (1987). Yet it is significantly different and is 
referred to as "translational attenuation" (Weisblum, 1982). In S. 
aureus, eiythromycin resistance is mediated by the presence of a 
doubly methylated adenine residue in the 23S rRNA. Synthesis of the 
specific adenine methylase enzyme is induced by sub-inhibitory 
concentrations of erythromycin. According to the translational 
attenuation model, the adenine methylase transcript has a 5' leader 
region possessing a set of four inverted repeat sequences (1, 2, 3, and 
4) capable of assuming alternative hairpin conformations with one 
another. One of the possible conformations sequesters the Shine-
Dalgamo site from entering into productive ribosomal attachment. In 
this conformation, two hairpins form, designated 1+2 and 3+4. In the 
presence of erythromycin, translation of the control (or leader) 
peptide is hindered, such that an alternative conformation 2+3 forms 
instead, allowing the formerly hidden rbs to become available. The 
ermC mRNA, in the presence of eiythromycin, has a physical half-life 
of 40 minutes. Apparently, the ribosome itself obscures a site which is 
sensitive to attack by one or more endo-RNases within the cell 
(Bechhofer and Dubnau, 1987). 
The major differences between the two types of attenuation are 
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1) that ribosome function in transcriptional attenuation is hindered by 
a deficiency of a specific species of charged tRNA molecule, whereas 
ribosomal function is hindered in translational attenuation by the 
inducer erythromycin, and 2) transcriptional attenuation works by the 
transient formation of a transcriptional terminator causing RNA 
polymerase to fall off the DNA, whereas translational attenuation works 
by the transient formation of a hairpin loop structure that frees up a 
formerly sequestered Shine-Dalgamo site at which a second ribosome 
can now attach (Weisblum, 1982). 
Translational efficiency can also be affected by the initiation 
codon (Reddy et al, 1985). Usually, the initiation codon is AUG, but 
GUG and UUG may also function in this role. In a comparison of 
sequence data for more than 100 E. coli genes, 9 examples of GUG and 
3 examples of UUG were observed as initiation codons. One gene that 
uses UUG for its initiation codon is the adenylate cyclase gene (cya). 
When the initiation codon was changed by oligonucleotide mutagenesis 
to either AUG or GUG, and introduced into E. coli as a plasmid 
construct, only the GUG plasmid could be recovered. This plasmid 
caused the cya gene product to double, suggesting that the AUG 
plasmid had caused even higher levels of adenylate cyclase, and hence 
cAMP, to accumulate, to the detriment of the host. When cya-galK 
fusions were made in each of the three forms, the activity ratio was 
UUG: GUG: AUG = 1: 2: 3. When expression of the original constructs 
were made temperature sensitive, the ratio was UUG: GUG: AUG = 1: 
2: 6. Thus, the use of UUG as initiation codon apparently provides a 
mechanism for limiting the expression of a gene (Reddy et al, 1985). 
Translation of mRNA is also inhibited by repressor molecules. 
One particularly well understood mechanism is repression of E. coli 
bacteriophage R17 replicase synthesis by its own coat protein. 
Purified coat protein binds to phage RNA at a site that includes the 
replicase rbs in a fashion that precludes ribosome binding to the same 
region (Romaniuk et al, 1987). A somewhat more sophisticated 
mechanism of translational repression occurs with the single-stranded 
DNA binding protein of bacteriophage T4, also known as gene 32 
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protein (gp32). When T4 DNA replication is nearly complete and the 
amount of ss-DNA is low, the cellular concentration of unbound gp32 
correspondingly rises. Under such conditions, gp32 binds to its 
secondary ligand, its own RNA transcript, with 25-fold weaker affinity 
than it has for ss-DNA. Monomers of gp32 bind first to a nucleating 
pseudoknot in the leader region of the mRNA (McPheeters et al, 
1988) followed by additional monomers which bind cooperatively in 
the 3' direction until the gene 32 mRNA rbs is covered, thus 
occluding mRNA binding to ribosomes. This requires between 5-7 
gp32 molecules, and allows phage T4 to sensitively measure the 
amount of gp32 in the cell, and ensure that no more is synthesized. 
Another type of translational repressor molecule is antisense 
RNA. Antisense RNA regulation involves the synthesis of a short 
transcript that does not code for protein but has a high degree of 
complementarity with a second RNA (or DNA), enabling the two to 
hybridize (Pines and Inouye, 1986). The result of such hybridization is 
to represses gene expression (or RNA-primed plasmid replication), no 
matter what level the action takes place. Antisense regulation was 
first shown to control porin gene expression in E. coli (Mizuno et ai., 
1984). All the known natural examples of antisense regulation come 
from procaryotes, and can be divided into four classes based on the 
mechanism by which they act. In the first class, antisense RNA binds 
to the Shine-Dalgamo site of an mRNA molecule and prevents 
ribosome binding. An example of this occurs in the transposase gene 
of TnJO. The critical region contains two divergent promoters, pIN 
and pOUT. The former is the transposase promoter and the latter 
codes for a small antisense transcript. RNA-OUT is exactly 
complementary to the 5' end of RNA-IN including its initiation codon 
and Shine-Dalgarno sequence (Simmons and Kleckner, 1983). In the 
second class, antisense RNA binds to a region of the transcript distant 
to the rbs and induces mRNA instability by enhancing degradation by 
double strand-specific RNases, or by activating an RNase III attack 
followed by subsequent exonuclease digestion (Gold, 1988). In the 
third mechanism, antisense RNA can bind to a transcript in such a way 
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that the Shlne-Dalgamo site is forced into a hairpin loop configuration 
that is inaccessible to ribosomal binding. In the fourth mechanism, 
antisense RNA binds to a portion of newly synthesized RNA transcript 
while still in the vicinity of RNA polymerase in the open complex at 
the transcription front; a pseudo Rho-independent transcription 
terminator structure is formed that does not allow RNA polymerase to 
pass. 
Yet another type of translational repressor has recently been 
discovered in bacteriophage T4. The repressor is an endonuclease 
that Inactivates several mRNAs by cleavage within the Shine-Dalgarno 
site and irreversibly represses translation initiation (Andrake et al, 
1988). 
Protein synthesis is also controlled at the translational 
termination step. Two factors are involved in the release of nascent 
polypeptide chains in E. colU RFl (at UAG amber and UAA ochre stop 
codons) and RF2 (UGA opal and UAA ochre stop codons). When the 
RFl gene was sequenced (Craigen et al, 1985), it was revealed that 
the first 25 codons were in a different reading frame than the final 
315, which were shifted by one nucleotide. The two coding regions 
are separated by the sequence UGAC. If RF2 is abundant, the short 25 
amino acid peptide is released at the underlined opal codon, with 
assistance from RF2 protein itself. On the other hand, if RF2 is 
limiting, the polypeptide-ribosome disassociation is delayed, allowing 
the RNA message to shift within the A site to read UGAC. causing an 
aspartic acid residue to be inserted into the nascent polypeptide 
chain. 
A rapid, and total, cessation of translation can occur in 
procaryotic cells during an environmental stress known as the 
"stringent response." The product of the relA gene is a ribosomal 
protein that "senses" amino acid starvation. When any one of the 20 
essential amino acids becomes limiting, it is believed that the 
uncharged tRNA binds to the RelA protein. RelA. protein, in turn, 
synthesizes ppGpp. The highly phosphorylated nucleotide "alarmone" 
then binds to RNA polymerase, causing it to decrease transcription 
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initiation at rRNA, tRNA, and ribosomal protein genes. Concomitantly, 
existing rRNAs and ribosomal proteins are released from ribosomes 
and instead bind to their own messenger RNA molecules, thus 
stopping the further synthesis of ribosomes as well as RNA polymerase 
subunits (Lamond, 1985). Thus, intracellular ribosome count is 
monitored to match the nutritional status of the cell. 
The Control of Gene Expression: The Nucleotide Sequence 
The sequence of the structural gene directly influences the rate 
of translation into protein, depending on the type of codons used to 
specify the amino acid sequence, and is referred to as its codon usage 
pattern (deBoer and Kastelein, 1986). Codon usage refers to the 
biased use of one type of codon over one or more other codons that 
encode the same amino acid. For instance, the amino acid leucine is 
encoded by six different codons in E. coli; for highly expressed genes, 
the leucine codon CUG is very highly favored over the other five. 
Alternatively, for genes expressed at lower levels, e.g., encoding 
regulatory molecules such as the lac repressor, the bias is much less 
pronounced. In general, only "preferred" codons are used for genes 
whose protein products are abundant; they almost completely avoid 
the use of minor codons. Conversely, genes expressed at low levels 
utilize more frequently minor tRNA species. This is correlated with 
the relative abundance of charged tRNAs; when a codon is frequently 
used, the corresponding tRNA level is found to be high. The result is 
that transcripts containing abundant codons are processed at the 
ribosome at a faster speed. Biased codon usage is therefore an 
important cellular strategy to achieve high levels of expression for 
certain genes. 
Analysis of codon usage has become an important predictor of 
gene origin, especially in cases where a gene is thought to have been 
recently acquired by a given host bacterium. Two examples can be 
cited. The first is the crystal toxin gene of B. thuringiensis subsp. 
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kurstakt Schnepf et al. (1985) analyzed the codon usage pattern of the 
protoxin gene they had earlier cloned from strain HDl-Dipel (Schnepf 
and Whiteley, 1981). They found that the protoxin gene did not have a 
strikingly apparent codon preference for the most abundant forms of 
tRNA present in bacilli. Taken together with the notion that highly 
expressed bacterial genes generally display biased codon usage 
patterns that favor the most abundant types of tRNA, and the fact that 
two other highly expressed Bacillus genes (B. lichentformis penP and B. 
amyloliquefaciens amy) do show such a codon preference, it supports 
the plasmid origin of the crystal toxin gene and further suggests that 
the gene might have originated elsewhere (Schnepf et al, 1985). 
A second example of codon usage analysis to show the exogenous 
origin of a gene has been applied to a recently discovered reverse 
transcriptase gene (RT) of E. coli (Lampson et al, 1989). The codon 
usage pattern of RT was compared with those of 199 other E. coli 
genes. Two of the rarest codons used in E. coli were extremely 
abundant in RT. Furthermore, the A+T mol% of RT was 68%, whereas 
the E. coli genome is about 49% A+T. The authors speculate that 
because the strain of E. coli they used to isolate the RT gene is a 
pathogenic isolate, it might have acquired the gene from its host, a 
human being, or perhaps from another pathogenic microorganism in 
that human being. 
An additional use of rare codons in bacteria is interesting and 
worthy of mention with regard to transcriptional attenuation. One of 
the key features of this mechanism is the use of several contiguous 
codons in the leader peptide region of transcripts encoding 
biosynthetic enzymes that synthesize the particular amino acid. In the 
ilvGEDA operon of Serratia marcescens, the four leader Leu codons 
present in the homologous opérons of E. coli and S. typhtnuirium are 
replaced by a single, rarely used Leu codon, CUA (Hsu et ai, 1985). 
The nature of the DNA duplex itself can also influence 
transcription and plays its role in the establishment of cell phenotype. 
DNA extracted carefully from prokaryotes is negatively supercoiled. 
Unconstrained negative supercoils carry free energy that can help 
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unwind the double helix, separating the single strands. Therefore, 
processes requiring strand separation, such as transcription (which 
melts 12-14 bp of double-stranded DNA during RNA chain elongation), 
should occur more easily on negatively supercoiled than on non-
supercoiled DNA (Futcher, 1988). That this is the case has been 
shown by using a temperature sensitive gyrB mutant of E. coli fWahle 
et al, 1985). Within minutes after temperature shift-up, both 
chromosomal and extrachromosomal DNAs became less supercoiled. 
No significant reduction in the relative rate of RNA chain elongation 
was detected, yet accumulation of total cellular RNA decreased, 
suggesting that initiation of RNA synthesis is the step sensitive to 
gyrase inactivation. RNA polymerase interactions with various 
promoters were somewhat sensitive to gyrase inactivation, whereas 
actively transcribing RNA polymerase molecules were unaffected. An 
obvious question is why are initiation complexes harder to form when 
DNA is relaxed? Might not promoters be "unmasked" in this state? 
The answer may be that relaxed DNA is not necessarily easy for RNA 
polymerase to denature, and in any case this requires energy, energy 
that can easily be provided by supercoiled DNA when RNA polymerase 
touches the promoter and sets off a local unwinding event. 
The conformation of the DNA helix has also been implicated in 
the regulation of gene expression. Z-DNA is a left-handed alternative 
conformation of double helical DNA favored by segments of alternating 
G-C residues and is stabilized by high, non-physiological, salt 
concentrations (Rich et ai, 1984). Z-DNA can be stabilized as well by 
negative supercoiling, a phenomenon that does occur in living cells. 
Z-DNA, in equilibrium with right-handed B-DNA, is thought to exist in 
cells because antibodies made against artificially-induced Z-DNA 
structures in the laboratory react with DNA extracted from various 
types of cells, and with DNA in situ as observed by electron microscopy. 
Z-DNA binding proteins have been isolated by chromatography of cell-
free extracts over a Z-DNA affinity matrix. These proteins bind to DNA 
in the Z-DNA form but have no affinity for the same DNA when it is in 
the B-DNA form (Nordheim et ai, 1982). 
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The Control of Gene Expression: Post-translation 
Proteolytic processing is a post-translational mechanism that 
can serve to activate an inactive precursor protein. The B. subtUis 
sporulation-specific polypeptide, p3i, the product of the spoIIGB 
isigE!i gene, is an inactive precursor of the sigma factor CT29 (a^), which 
appears at T2spo, binds to RNA polymerase core enzyme (a2PP'6) and 
redirects it to a^S-specific promoters, a process essential for 
successful sporulation (Trempy etal, 1985a). Although p3i, which 
appears earlier at Tispo, is capable of binding weakly to RNA 
polymerase, E-p3i is incapable of appropriate a^S-mediated 
transcriptional activity (Trempy et al, 1985b). Exciting work by 
Stragier et al. (1988) details how p3i is activated by a signal-
transduction system wherein the cell "senses" that the early events of 
sporulation have gone well and hence "Informs" the genome that the 
process may proceed. The spoIIGA gene has been identified as the 
putative protease that converts P^i to a29. The striking feature of the 
proposed model is that the protease is a rather large transmembrane 
protein, which when synthesized takes up residence in the vegetative 
cell membrane. However, as early sporulation proceeds, the protease 
migrates into the newly formed sporulation septum and encounters 
unique changes in membrane composition (e.g., forespore engulfment 
requires that the sporulation septum have high flexibility). The altered 
environment is thought to cause activation of the transmembrane 
protease and induces p3i-processing to 0^9. At T2spo, with a29 
successfully formed, a burst of transcription from the spoIID gene, 
which possesses a o29-specific promoter, is observed (Stragier etal, 
1988). 
Proteins secreted through bacterial cell membranes are cleaved 
at their signal sequence as they pass through the cell membrane to the 
outside. If the signal sequence is poorly recognized by the membrane 
signal-peptidase, as in the case of a cloned protein, secretion may not 
be achieved. 
Feedback inhibition is another post-translational mechanism of 
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gene expression that plays an important role in the global pattern of 
responses made by bacteria to changing environments, resulting in a 
given phenotype. In bacteria and plants, the first committed step in 
aromatic amino acid biosynthesis is catalyzed by deoxy-arabtno 
heptulosonate phosphate synthase (DAHPS). In E. coli and other 
enteric bacteria there are three DAHPS isoenzymes; they perform the 
same catalytic function, yet each is feedback-regulated by a different 
amino acid. The AroF protein Is tyrosine-sensitive, whereas the AroG 
protein is phenylalanine-sensltive, and the AroH protein is 
tryptophan-sensitive. The three genes have been cloned and 
sequenced and their high degree of deduced amino acid sequence 
similarily argues for a common evolutionary origin (Ray et al, 1988). 
Bacillus thuringiensis: Insect Pathogen 
The model system chosen for study in this dissertation research 
project is the Gram-positive sporeformlng rod B. thuringiensis, which is 
best known for the potent Insectlcldal crystalline toxin it produces. 
The crystal, synthesized only during sporulation (Bechtel and Bulla, 
1976; Andrews et al, 1982; Wong et al, 1983), is composed of 
anhydrous protein subunlts that are insoluble at physiological pH. Of 
the thousands of natural isolates of B. thuringiensis cultured in 
laboratories throughout the world, the vast majority synthesize crystals 
that kill, upon ingestion, lepidopteran larvae (caterpillars). All other 
insects, as well as all plants and animals, including humans, are 
unharmed by these crystals. This high degree of specificity of toxic 
activity makes B. thuringiensis an attractive agent for the biological 
control of agronomically significant insect pests. Indeed, insectlcldal 
powders composed of B. thuringiensis cells, spores, and crystals have 
been marketed by a number of companies since the mid 1950s. 
Industrial scientists have recently announced the cloning and 
expression of lepidopteran-toxic crystal genes from B. thuringiensis in 
tobacco and tomato plants, resulting in apparently complete 
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protection from feeding damage by tobacco hornworm (Vaeck etal, 
1987), and tobacco budworm (Fischhoff et al, 1987) larvae. 
Within the past decade, a search for bacteria with altered ranges 
of insect toxicity has yielded newly discovered isolates of B. 
thurtngiensts that synthesize parasporal crystals toxic for some kinds of 
dipteran ("two-winged") as well as coleopteran (beetle) insect larvae. 
The prototype for the dipteran-toxic strains is B. thuringiensis subsp. 
israelensis (Goldberg and Margalit, 1977), which is selectively toxic for 
mosquito and black fly larvae, whereas the prototype for the 
coleopteran-toxic strains is B. thuringiensis subsp. tenebreonis, isolated 
in West Germany in 1983 and first described in English by Krieg et al 
(1987). As with the lepidopteran-toxic strains, these newer strains 
are remarkable for the potent insecticidal activity of their toxins 
against their particular target insects, while being harmless to other 
insect types. 
Numerous crystal genes from B. thurtngeinsis have been cloned 
and sequenced. Table 1 lists many of these cloned genes, their Insect 
specifities, and the publication(s) where this information can be found. 
With one exception, the DNA sequences of these crystal genes show 
limited homology to each of the others. 
Over 30 subspecies of Bacillus thuringiensis have been described 
(Dean, 1984). These are differentiated from each other by their 
flagellar serotypes. It has been argued that the different subspecies 
should instead be designated "varieties" (Burges, 1984); however, 
Bergey's Manual of Determinative Bacteriology continues to list these 
taxa as "subspecies" (Glaus and Berkeley, 1986). 
B. thuringiensis, as a group of bacteria, are indistinguishable from 
B. cereus by a large number of taxonomic criteria, the only significant 
difference being the ability to synthesize insecticidal parasporal 
crystals (Kaneko et al, 1978; Baumann et al, 1984). The status of B. 
thuringiensis as a species apart from B. cereus has been questioned 
(Lysenko, 1983). Because the ability to produce parasporal crystals 
can be so readily lost (Yousten, 1978; Bulla et al, 1980), it was first 
suspected (Stahly etal, 1978), then confirmed (Gonzalez et al, 1981; 
Table 1. Compilation of B. thuringiensis crystal gene cloning and/or sequencing reports^ 
Literature citation by year subspecies of 
B. timringiensis 
featured 
C^. S. Type of gene 
or studied^, and 
C + S M.W. of gene 
product^ 
clone 
designation 
(if identified) 
Schnepf and Whiteley, 1981 
Held et aL, 1982 
Klier et aL, 1982 
Kronstad and Whiteley, 1984 
Ward et al., 1984 
Adang et aL, 1985 
Klier et aL, 1985 
McLinden etaL, 1985 
Schnepf et aL, 1985 
Sekar and Carlton, 1985 
Shibano et aL, 1985 
Waalwijk et al., 1985 
Wabiko et aL, 1985 
Bourgouin et aL, 1986 
Geiser et aL, 1986 
Hermstadt et aL, 1986 
Hofte et aL, 1986 
Honigman et aL, 1986 
Kronstad and Whiteley, 1986 
Kronstad and Whiteley, 1986 
Shivakumar et aL, 1986 
Thome etaL, 1986 
Thome etaL, 1986 
Wabiko et aL, 1986 
Angsuthanasombat et aL, 198 
Chak and EUar, 1987 
kurstaM'HDl C 
kurstaklHDl C fhiiiingiensis 1715 C 
fcurstdki HD73 C 
israelensis C 
fcurstofci HD73 C + S 
aizawai C 
kurstaki HD244 C 
kurstaJdHDl S 
israelensis C 
sotto C + S 
israelensis C + S fhiuingiensis 1715 C 
israelensis C 
fcursfeifciHDl C + S 
san diego C 
thuringiensis C + S 
thuriiyiensis C 
kurstaki'HDl C 
thuringiensis BD2 C 
kurstœà C 
kuj^aki C + S 
israelensis C + S 
thuringiensis S 
israelensis C 
aizoujoi HD133 C 
L, 133 pESl 
L, 134 %C4K6c 
L, 130 pBT42-l 
L. 133 pJWK20 
X, 26 pIP173 
L, 133 pBT73-16 
L, 130 pBT45-l 
L, 140 pOSlOOO 
L, 133 pESl 
D pVB131 
L, 144 pSP801 
X, 28 
L, 140 pPl 
X, 28; D, 130 pCB4, pRX7 
L, 130 pK36 
C, 65 pCH-Bl 
L, 130 pGI502 
L, 120 pTNG33 
L, 130 pMAR4 
L, 130 pJWK29 
L, 135 pHBHE 
L, 131 pSY112 
D, 58 pSY368 
L, 130 pPl 
D, 130 pMU388 
L, 135 pCBl 
Fischhoff et ol, 1987 
Galjart et al, 1987 
Haider et àL, 1987 
Hermstadt et al, 1987 
Hofte et al., 1987 
Oeda et aL, 1987 
Sekar et al, 1987 
Ward and EUar, 1987 
Brizzard and A^^teley. 1988 
Chungjatupomchai et aL, 1988 
Donovan et oL, 1988a 
Donovan et al, 1988b 
Granum et aL, 1988 
McPherson et al, 1988 
Sanchis et aL, 1988 
Sanehis et aL, 1988 
Sen et al, 1988 
Tungpradubkul et aL, 1988 
Visser et aL, 1988 
Ward and EUar, 1988 
Ahmad et al, 1989 
Masson et aL, 1989 
Widner and Whiteley. 1989 
kxirstakiBDl S L, 131 pMAP4 
rnomsoni C + S X, 27 
aizawailCl C L + D, 130 pIC5 
san diego S C, 65 pCH-Bl 
tenebrionis C + S C, 72 cosmid btl3 
aizawai IPL7 C + S L, 131 pAB6 
tenebrionis C + S C, 73 pNSBP544 
israelensis C + S D, 130 pCH130 
thuringiensis HD2 C + S L, 130 
ismelensis s D, 130 pMU388 
ismelensis C + S X, 28; D, 72 pEG216 
kurstaki HD263 C + S D + L, 66 pEG201 
morrisoni HD12 c D + L, 140 pEGl 
tenebrionis C + S C, 73 pMON5420 
aizawai 7.29 C L, 130 pHTA6 
entomocidus C L, 130 pHTE6 
ismelensis C + S D, 130; D, 130 
israelensis s D. 128 pMU388 
entomocidus c L 
israelensis c D, 130; D, 130 pPClSO, pCH130 
galleriae c L + D, 61 pKL5 
entomocidus C + S L 
kurstaki C + S L, 130; L, 130 pWRW30, pWRW50 
^Citations are grouped by year published; within a given year, the reports are listed in 
alphabetical order by first author 
^C= cloning report, S= sequencing report, C + S= cloning and sequencing simultaneously 
reported. 
^C= Coleopteran toxic, D= Dipteran toxic, L= Lepidopteran toxic, X= cytolysin. 
^Molecular Weight is expressed x lO^. 
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KUer et al, 1982; Jarrett, 1983; Kamdar and Jayaraman, 1983; 
Kronstad etal, 1983; Ward and Ellar, 1983; Gonzalez and Carlton, 
1984), that crystal genes typically reside on plasmids. 
The crystals produced by the strains of B. thuringiensis that are 
toxic to lepidopterans are composed of subunits that consist of single-
chain glycoprotein protoxins (Bulla et al, 1981) with a molecular 
weight of approximately 135,000 daltons; these protoxin subunits are 
liberated from the crystal and solubilized in the alkaline pH 
environment of a susceptible larval insect midgut (Bulla et al, 1979). 
Midgut alkaline proteases of the trypsin and chymotrypsin families 
subsequently convert the protoxin into polypeptides of approximate 
M.W. 65,000-68,000 (Tojo and Aizawa, 1983; Andrews et al, 1985), 
which, in turn, are lethal to the insect. Toxin molecules attach to 
receptors on the insect midgut wall, ultimately causing a massive 
leakage of hemocoelic fluids into the midgut, which is followed shortly 
by death of the insect (Andrews et al, 1987). 
The crystals produced by the other two prototype strains that 
are toxic to dipteran and coleopteran insect larvae, possess 
differences as well as similarities when compared to the lepidopteran-
toxlc crystals. When crystal proteins from B. thuringiensis subsp. 
israelensts were solubilized in dilute alkali and electrophoretically 
separated through sodium dodecyl sulfate-polyacrylamide gels (T^ell 
etal, 1981), it was widely accepted by many workers in the discipline 
that the prominent 28 Kdal crystal protein, as well as one or more of 
the other intermediate sized crystal polypeptides, were derivatives of 
the 135 Kdal "protoxin" precurser. This notion led to much confusion 
in the literature. A plethora of reports subsequently "confirmed" that 
at high concentration, the 28 Kdal protein was toxic to mosquito 
larvae (Thomas and Ellar, 1983; Yamamoto et al, 1983; Davidson and 
Yamamoto, 1984; Ward etal, 1984; Armstrong etal, 1985; McLean 
and Whiteley, 1987). The same investigators assigned an additional 
broad-range cytolytic activity to the 28 Kdal protein; both solubilized 
crystal preparations and purified 28 Kdal protein were active against 
erythrocytes from many different animal species as well as cultured 
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insect cells from diverse sources. One group of workers suggested 
that measurement of cytolytic activity against red blood cells could be 
used as a rapid field test to estimate the toxicity of B. thwingiensis 
subsp. israelensis preparations to mosquitoes (Sandler etal, 1985). 
From a functional and biochemical standpoint, it was difficult to 
understand how a single small protein could harbor both activities. 
Moreover, the heterogeneous nature of the cytolytic activity (i.e., active 
against cultured insect cells and red blood cells of many types) 
conflicted with what was known about the narrow specificity of 
toxicity characteristic of the lepidopteran-active protoxins. Thus, 
some workers believed that the narrowly-specific mosquitocidal toxin 
and the broadly-specific cytolysin should exist as two different 
proteins. In a direct test of this idea, the two activities were 
separated (Hurley et al, 1985), and subsequently purified (Hurley 
et al, 1987); the 28 Kdal crystal protein was indeed cytolytic; purified 
cytolysin was over 1000-fold less toxic than the 65 Kdal crystal 
protein to mosquito larvae. A 67 Kdal mosquitocidal protein, purified 
from a strain of B. thwingiensis designated 73-E-10-2 (Kim et al, 
1984), was similar to the 65 Kdal mosquitocidal protein from subsp. 
israelensis. However, the strain 73-E-10-2 protein was about 20-fold 
less toxic than the subsp. israelensis protein to Aedes aegypti mosquito 
larvae. In addition, the two proteins were immunologically non-
crossreactive. Both Kim etal (1984) and Hurley etal (1987) 
observed that purified mosquitocidal crystal proteins were degraded 
to smaller non-toxic proteins upon storage. 
The reason why other workers had presumably misidentifled the 
role of the 65 Kdal protein in toxicity to mosquito larvae was probably 
caused by harsh solubilization conditions and the lability of the 
mosquitocidal protein (Hurley et al, 1987). It is now clear that the 
cytolysin and mosquitocidal proteins are functionally and genetically 
unrelated (Waalwijk et al, 1985; Bourgouin et al, 1986; 
Chung]atupornchai et al, 1988). It is also clear, however, that the two 
proteins act synergistically to produce the full extent of toxicity to 
target insects (Wu and Chang, 1985; Hurley et al, 1987). When full-
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length clones of B. thuringiensis subsp. israelensis protoxin genes were 
compared to the cloned protoxin gene of B. thuringiensis subsp. 
thwingiensis (Berliner), highly homologous regions were observed in 
the C-terminal (non-toxic) domains. The N-terminal halves possessed 
much less sequence homology but shared a strikingly similar 
distribution of hydrophobic and hydrophilic residues, indicating that 
the two toxins are structurally related (Chungjatupomchai et al, 
1988). 
The distantly related mosquito pathogen, B. sphaericus (Baumann 
etal, 1984), produces a crystalline parasporal body that is composed 
of an array of polypeptides that range in size from 43 to 125 Kdal. 
Biochemical and immunological analyses revealed that a high 
molecular weight protoxin (110 Kdal) is initially synthesized (Baumann 
et al, 1985) and is cleaved by proteases within the mother cell 
compartment to fragments of 63 and 43 Kdal (Broadwell and 
Baumann, 1986) prior to crystal biogenesis. Only the 43 Kdal 
fragment (and the 110 Kdal protoxin) are toxic. The B. sphaericus 
toxin does not cross-react with either the B. thiurir^iensis subsp. 
israelensis or B. thuringiensis subsp. kurstaki toxins. 
There is a striking correlation between the shape of the 
parasporal crystal and the spectrum of toxicity that it displays. The 
lepidopteran-toxic crystals are bipyrimidal in shape, the dipteran-
toxic crystals are pleomorphic, and the coleopteran-toxic crystals are 
rectangular and flat. If toxicity resides in a discrete polypeptide 
subunit, if the individual polypeptide subunits stack upon each other to 
form a crystal, and if the individual polypeptide subunits have different 
ranges of toxicity to insects, then the molecular details of their 
structures must differ in significant ways, and hence their crystals 
should have different topographical shapes. 
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Genetics of Sporulation in B. subtilis: A Paradigm for B, 
thuringiensis 
Recent excitement in the study of bacterial sporulation has been 
stimulated by the finding that a new sigma factor, (or ) is 
synthesized and functions only in the mother cell compartment. The 
gene that encodes this sigma factor, sigK, is the product of a 
chromosomal rearrangement between two distant gene fragments that 
reside at least 10 Kb apart from each other (Stragier et al, 1989). 
The amino-terminal segment of sigK is now known to be the 
chromosomal determinant formerly designated spoTVCB by mutational 
studies. The sequence of spoIVCB is strikingly similar to the 5' 
portions of other a factor genes. The carboxy-terminal segment of 
sigK is actually the spoIIIC marker; it contains a sequence that strongly 
resembles the 3' ends of the structural genes of other o factors. The 
presumed site-specific recombinase that catalyzes the genetic 
rearrangement may be encoded by the other gene in the spoIVC 
operon, spoFVCA, because the mother cell-specific DNA 
rearrangement does not occur in a spoIVCA mutant. The 
rearrangement in the DNA need not be reversible because the mother 
cell and its DNA are both destroyed by lysis at the end of sporulation. 
This phenomenon is reminiscent of the rearrangement that occurs 
during terminal heterocyst differentiation in the cyanobacterium 
Anabaena (Golden et al, 1988). Losick and his colleagues (Stragier 
et al, 1989) believe that such genetic rearrangements may be used by 
terminally differentiating (non-germline) cells to create regulatory 
genes that govern gene expression. 
Losick's evidence for genetic rearrangements during sporulation 
in B. subtilis was anticipated. Rhaese (1984) earlier described a 
method to detect genomic DNA rearrangements in bacilli. He 
extracted total genomic DNA from exponentially growing iveg) and 
sporulating (T4SP0) cells, subjected the preparations to complete 
endonuclease digestion, and fractionated the digests on separate gels. 
The two gels were then turned at 90° angles and allowed to hybridize 
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to one another against a solid support. One of the two DNA 
preparations was radioactlvely labeled so that if the two DNA digests 
were identical, one would expect a diagonal line of hybridization on 
the solid support. Instead, a significant number of non-diagonal 
hybridization signals were detected, which suggested that the DNA 
from sporulating cells was rearranged with respect to the DNA from 
vegetative cells. 
Another a factor, named , has recently been discovered that 
functions during sporulation in B. subtilis. is apparently responsible 
for the transcription of sporulation genes exclusively within the 
forespore compartment, beginning at about T4 spo (Panzer et al, 
1989). The expression of the o® gene, sigG [spoIIIG), is limited to the 
forespore compartment, and in turn, is probably responsible for 
transcription of the ssp genes that encode the small, acid-soluble 
proteins (SASPs), which bind and stabilize forespore chromosomal 
DNA. One of the products of these ssp genes is the 0.3-Kb raiEîNA 
transcript of OUington and Losick (1981). These new results (Panzer 
et al, 1989) suggest that the timing of gene activation during 
sporulation may be even more complex than previously anticipated. 
Genetic Transformation of B. thuringiensis 
Early claims that B. thuringiensis could be transformed with 
exogenously applied plasmid DNA were met with skepticism by many 
workers, because the reported frequencies of plasmid uptake were 
low and because of the difficulty encountered in attempts to repeat the 
published observations. Transformation frequencies of 10-7 for pBC16 
(Alikhanian et al, 1981) and 10*® for pC194 (Azizbekyan et al, 1982) 
into B. thuringiensis subsp. galleriae protoplasts were observed. Other 
workers achieved transformation with pC194, reporting average 
frequencies of 10'^ to 10-8 jn subsps. kurstaki, thuringiensis, alesti, 
galleriae, and aizawai (Fischer etal, 1984), and 10-^ to 10-® in subsp. 
kurstaki (Aronson etal, 1986). Martin etal (1981) transformed 
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pC194 into protoplasts of B. thwingiensis subsp. kurstaki at low 
efficiency (10-35 transformants per |ig of plasmid). Curiously, Martin 
etal (1981) were unable to detect extrachromosomal pC194 
molecules in regenerated transformants, and they surmised that the 
plasmid might have integrated into the chromosome. Other workers, 
however, have physically identified the stable presence of pC194 in 
various B. thwingiensis transformants (Fischer et al, 1984; Heierson 
et al, 1987; Crawford et al, 1987). 
It should be emphasized that the reported protoplast 
transformation frequencies first observed for B. thwingiensis were 
interpreted by other workers as low only in comparison to the highly 
efficient transformation frequencies routinely obtained with B. subtilis. 
It is now clear that B. thwingiensis can be reproducibly transformed 
with plasmid DNA by using a variety of methods, especially because the 
spontaneous frequency of mutation in these bacteria is low (often in 
the range of 10-9 or lower) for the common antibiotic-resistance 
markers usually carried by gram-positive replicons. For instance, 
Crawford et al (1987) devised a rapid method (90% conversion in 5 
min.) for generating B. thwingiensis autoplasts in sodium acetate buffer. 
These protoplasts could be transformed by plasmid DNA at 
frequencies of 10 ^ to 10-8. Heierson et al (1987) described a 
complex method to generate naturally "competent" B. thwingiensis 
cells in Tris-sucrose buffer at pH 9; these cells were transformed at 
frequencies of 10-5 (subsp. kwstaki^ to 10"^ (subsp. israelensis). Most 
recently. Bone and Ellar (1989) employed electroporation to 
transform pC194 (10^ to 10^ per |ig), pUBllO (0 to 10^ per (ig), and 
pTVl, a construct that consists of pE194 and transposon Tn9J7 (0 to 
102 per |ig). 
The Molecular Genetics of B. thuringiensis 
The timing of crystal gene expression during sporulation in B. 
thuringiensis subsp. kwstaJci was investigated by measuring the 
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appearance of crystal protoxin antigen with anti-crystal protein 
polyclonal sera in an in vitro translation system (Andrews et aL, 1982). 
Total cellular RNA was extracted hourly from samples of a culture of 
subsp. kurstaki throughout growth and sporulation. The RNA 
preparations were added to the in vitro translation components, and 
radiolabeled proteins were synthesized, followed by selection for 
crystal-related polypeptides by immunoprecipitation of the reaction 
mixture. A sharp peak of crystal protein synthesis was detected 
during sporulation only from T2spo to T4 spo. A similar, but somewhat 
broader, peak of crystal gene mRNA accumulation and decline during 
sporulation was observed by Wong et al. (1983), who used a cloned 
subsp. kurstaki crystal gene to probe total RNA dot-blots. Crystal gene 
mRNA first appeared at Ti.5spo, peaked in concentration at T^spo, and 
finally disappeared at Ty.sspo. The observed discrepancy in the onset, 
duration, and decay of crystal-specific RNA between the two studies 
was probably a result of the different techniques that were used. 
Although quite similar RNA extraction protocols were employed, the 
degradative action of RNases during sporulation would likely be 
tolerated more by the second method than by the first because 
hybridization of probe to target requires as little as 17 basepairs of 
match (Duby et al., 1987). 
Sekar (1988) has shown that, unlike subsp. kurstaki or subsp. 
israelensis, the insecticidal protein in subsp. tenebrionis is synthesized 
during both the vegetative and sporulation phases. The crystal protein 
was detected by immunoblotting as a 73 Kdal protein in veg cells but 
was present as a 65 Kdal protein in spo cells. 
The genes encoding the mosquitocidal crystal toxins of B. 
thuringiensis subsp. israelensis were clustered on a single 108 Kb 
plasmid (Bourgouin et ai, 1986). Two mosquitocidal toxin genes were 
located near each other, approximately 2 Kb apart. The first gene was 
"full length" and contained enough coding information for a 135 Kdal 
protoxin. The second gene was truncated and encoded only the 70 
Kdal toxin moiety. Other investigators have cloned similar or identical 
versions of these mosquitocidal toxin genes; three were "full length" 
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(Chung)atupomchai et al, 1988; Ward and Ellar, 1988), and two were 
"truncated" (Thome et al, 1986; Donovan et al, 1988a). Bourgouln 
et al (1986) reported that two cytolysin genes were located on the 
same large (108 Kb) plasmid. Surprisingly, these cytolysin genes were 
not expressed in E. coli, but they were expressed during sporulation in 
B. subtilis. Bourgouin etal (1986) obtained expression of the 
mosquitocidal toxin gene in both E. coli and in B. subtilis. On the other 
hand, Donovan etal (1988a) reported that neither the 72 Kdal 
mosquito-toxin gene nor the cytolysin gene were expressed in E. coli, 
but were expressed in B. megaterium. Ward and Ellar (1988) cloned 
two different subsp. israelensis 130 Kdal toxin genes. One was 
expressed efficiently in E. coli (phase-bright crystals were formed), but 
the other was not. Both were expressed during sporulation in B. 
subtilis, although the latter gene was weakly expressed. When the 
weakly expressed gene was fused to the promoter of the 27 Kdal 
subsp. israelensis cytolytic crystal protein gene, the gene product 
formed phase bright crystals In B. subtilis but the toxicity of the 
crystals were very low. 
An emerging hypothesis in the study of crystal insect toxicity is 
that native crystals contain multiple toxin proteins whose individual 
range of toxicity is distinct, and individually or synergistically are 
responsible for the observed toxicity that a given crystal preparation 
displays against various types of insects (Lecadet et al, 1988). For 
example, the crystals from B. thuringiensis subsp. israelensis contained 
both mosquitocidal and cytolytic proteins, which act together to 
induce the full extent of larval death (Wu and Chang, 1985; Hurley 
et al, 1987). The crystals of subsp. aizawai contained at least two 
different types of insect toxins, one specific for the cotton leafworm 
Spodoptera Itttoralis and the other specific for Pieris brassicae (Lecadet 
etal., 1988). The two types of subsp. aizawai genes have been cloned 
and their distinct toxicities confirmed (Sanchis etal, 1988). Similar 
data were obtained by Knowles and Ellar (1988); they reported that 
subsp. aizawai produced two different types of crystal toxin protein, 
one specific against Choristoneura fumiferana and the other specific in 
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its toxicity to S. frugiperda. Visser et al (1988) cloned several crystal 
protein genes with differential toxic specificity from B. thuringiensis 
subsp. entomocidus. 
It is now clear that the genes which encode the insecticidal 
crystal toxin proteins of B. thuringiensis constitute a coherent "gene 
family." Furthermore, analysis of sequence data revealed that the 
known members of the insecticidal crystal toxin gene family are only 
distantly related to each other. For example, Wabiko et al (1986) 
compared the nucleotide sequence of the Berliner (subsp. 
thuringiensis) toxin gene with those of the subsp. kurstaki HDl-Dipel 
and subsp. sotto genes. The latter two were 99% homologous to each 
other, whereas the Berliner gene was only 91% homologous. The 
alignment of the three sequences also permitted assignment of 
functional domains within the protoxin molecule. The amino-terminal 
half is richly p-sheet and hydrophobic, whereas the carboxy-terminal 
half is predominantly a-helical and hydrophilic. Such structural 
features are significant because C-terminal deletion clones of each 
gene retain toxicity, whereas N-terminal deletion clones do not 
(Schnepf and Whiteley, 1985; Shibano etal, 1985; Wabiko etal, 
1986). 
Thome et al (1986) reported that homology between the 
nucleotide sequences of the subsp. israelensis and subsp. kurstaki HDl 
crystal toxin genes was limited. The deduced amino acid sequences, 
however, were strikingly similar in three separate regions. Both 
proteins have a short, 30 amino acid, hydrophobic N-terminus; about 
200 amino acids downstream both proteins undergo similar sharp 
transitions from a run of approximately 15 hydrophobic residues to an 
immediately adjacent region of 16 hydrophilic residues. This latter 
region may form the boundary between the proteolytically-activated 
toxin and the nontoxic amino acids of the C-terminus that are 
eliminated by proteolytic activation. 
Other workers have established a weak, but significant, 
relationship between the crystal toxin proteins of subsp. israelensis and 
subsp. kurstaki For example, the two subsp. israelensis 130 Kdal 
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crystal toxin protein genes cloned by Ward and EUar (1988) were 
similar in their C-terminal (nontoxic) regions, but were quite 
dissimilar in their N-terminal (toxic) regions. One of these genes was 
significantly more homologous than the other to the subsp. kurstaki 
protoxin gene . 
The results of several studies indicated that no significant 
immunological relationships existed between the mosquitocidal and 
lepidopteran-toxic crystal proteins. Wie et al. (1982) reported that in 
both Ouchterlony double-diffusion gel analyses and by indirect ELISA, 
there was no cross-reaction between the two different crystal 
proteins. However, subsp. israelensis crystal proteins were able to 
weakly inhibit the binding of subsp. kurstaki crystal proteins to its 
homologous antiserum. In later experiments, subsp. israelensis crystal 
proteins did not inhibit the binding reaction of anti-subsp. kurstaki 
antiserum to subsp. kurstaki crystal protein (Wie et at, 1984). Other 
authors have reported a similar lack of immunological cross-reactivity 
between subsp. israelensis and subsp. kurstaki crystal proteins (Thome 
et al., 1986). 
Generally, the genes that encode the three main classes of 
insecticidal crystal proteins (toxic to lepidopteran, dipteran or 
coleopteran larvae) do not hybridize to each other in Southern blotting 
experiments. Sekar et al. (1987) radiolabeled an internal fragment of 
a cloned subsp. tenebrionis gene and probed total genomic DNA from 
subsp. israelensis and subsp. kurstaki The probe did not hybridize to 
any of the bands. However, when the entire plasmid from which the 
internal tenebrionis toxin gene probe had been derived was Instead 
used (it contained the entire gene plus flanking sequences), 
hybridization to subsp. kurstaki DNA but not subsp. israelensis DNA was 
observed. Because the subsp. kurstaki gene is flanked by transposon-
like sequences (Kronstad and Whiteley, 1984), these hybridization 
data suggest that perhaps similar transposon-like sequences may flank 
the tenebrionis gene as well. If this interpretation of the data given by 
Sekar (1987) is correct, different crystal genes may be more 
evolutionarily divergent than the transposon-like sequences that flank 
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them. 
The subsp. israelensis 72 Kdal mosqultocidal toxin gene cloned 
by Donovan et al. (1988a) has little, if any, homology for the genes that 
encode either the 130 Kdal or 28 Kdal crystal toxin genes from the 
same bacterium. Interestingly, this gene also displays virtually no 
homology to the 72 Kdal mosquitocidal toxin gene cloned from subsp. 
israelensis by Thome et al. (1986). The gene cloned by Donovan et al 
(1988a) does show significant homology, however, to two other crystal 
toxin genes. The first is the gene that encodes the 65 Kdal 
mosquitocidal and lepidopteracidal crystal protein (30% homology) 
known as P-2, or mosquito factor (Yamamoto and McLaughlin, 1981) 
produced in some strains of subsp. kurstaki as a cuboidal inclusion 
embedded in the bipyrimidally-shaped crystal (Sharpe and Baker, 
1979; Yamamoto and lizuka, 1983). The second is the coleopteracidal 
crystal protein genes (33% homology) encoded by subspp. tenebrionis 
and son diego. 
The deduced amino acid sequence of the cloned P-2 protein has 
recently been reported (Donovan et al, 1988b). In the N-terminal half 
of the sequence, the region known to be the toxic moiety is a 
sequence of 100-amino acids that is 37% homologous to the P-1 
protoxin. When the cloned gene was introduced into B. megaterium 
cells, the P-2 protein was abundantly produced only during sporulation 
and was highly toxic to both lepidopteran and dipteran larvae. The 
gene was weakly expressed at all in E. coli cells (1000-fold lower 
toxicity by weight). The gene hybridized to plasmid DNA from both 
subsp. kurstaki and subsp. kenyae, but not at all to subsp. israelensis, 
even at low stringency. 
Haider and Ellar (1987) described how alternative proteolytic 
processing of an insecticidal protoxin in the insect midgut yields 
toxins with different specificities. One form of the toxin is lethal for 
lepidopteran larvae, and the other form is lethal for dipteran larvae. 
The protoxin polypeptide was purified from crystalline inclusions 
made by recombinant E. coli cells that harbored a cloned B. 
thuringiensis subsp. aizawai crystal toxin gene. The polypeptide was 
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treated with trypsin in vitro, producing a 55 Kdal protein toxin that 
killed cultured lepidopteran cells. Upon further treatment of the 
trypsin-digest with a crude preparation of dipteran gut proteases, a 53 
Kdal toxin protein was produced which specifically killed mosquito 
cells in culture. Similar data had been reported for a subsp. colmeri 
crystal protoxin protein (Haider et al, 1986). Because the 
recombinant E. coli strain possessed a single cloned gene, it was 
considered unlikely that the two toxins could be the products of 
different genes. The authors speculated that the smaller toxin, 
missing 20 or so amino acid residues from one end of the larger toxin, 
could assume a slightly different molecular conformation that allows 
the smaller protein to bind to mosquito cell receptors. Once binding 
is achieved, both kinds of cells are killed by the same mechanism. 
However, it is difficult to envision the selective pressure applied to the 
lepidopteran toxin gene that would allow maintenance of an essentially 
"buried" (and hence unnecessaiy) mosquito cell binding domain, 
unless such a domain is implicitly related to its action of toxicity on 
lepidopteran cells themselves. 
In conclusion, the crystal toxin gene family, whose many 
different crystalline proteins are immunologically distinct, share a 
limited, yet significant, structural relationship with each other as 
revealed by analyzing their nucleotide sequences. As more knowledge 
of these homologies accumulates, it should be possible to eventually 
understand the molecular basis for the mode of action of these toxins. 
Strategy- for Studying Gene Expression in B. thuringiensis 
The long range goal of the research in this laboratory is to gain a 
better understanding of the mechanisms that control gene expression 
in B. thuringiensis. Major efforts are being undertaken world-wide in 
industrial, government, and academic laboratories to clone, sequence, 
and characterize representatives of the crystal toxin gene family, and 
eventually understand the regulatory signals that control their 
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expression. Indeed, in a computer search that was performed during 
the spring of 1988 for published DNA sequences from B. thurtngiensis, 
the only sequences Identified came exclusively from crystal genes. 
What about the other genes in this bacterium? What do we know 
about the genetic background upon which crystals are synthesized? 
Evidently, these aspects of B. thurtngiensis are poorly understood. Why 
is nearly 20% of the genome encumbered upon large plasmid 
molecules? When did the crystal gene family arise, where did they 
originate, and why do these genes contain the efficient spo promoters 
of their hosts? By gaining a better understanding of the background 
mechanisms of gene regulation in B. thurtngiensis, the complexities of 
crystal gene regulation will be revealed. 
What is known about sporulation in B. thurtngiensis? Two 
predictions can be made: 1) some features of the sporulation process 
will be the same as they are in B. subtilis, the well characterized model 
of sporulation in bacteria, and 2) some features will be quite different. 
For Instance, it is known that specific crystal gene transcription is 
controlled by a form of RNA polymerase that is unlike any of the forms 
previously described in B. subtûis (Whlteley and Schnepf, 1986); it 
contains a subunit that specifically recognizes the crystal gene 
promoter. On the other hand, B. thurtngiensis likely contains a 
sporulation-speclfic sigma factor rhat Is closely homologous to o29, one 
of the sporulation-speclfic sigma factors that is involved in sporulation 
stage Il-specific transcription In B. subtilis. This was demonstrated by 
examining an array of electrophoretically separated total cell proteins 
from several bacilli on Western blots with an anti-a^s monoclonal 
antibody (Trempy and Haldenwang, 1985). A sporulation-speclfic 
polypeptide was detected at Tgspo in B. cereus, a close relative of B. 
thurtngiensis (see above). However, a nucleic acid probe specific for the 
0:29 gene did not detect any homologous sequences In a B. cereus total 
genomic DNA digest even at relatively low stringency (6X SSC, 55°C). 
These results suggest that B. cereus possesses a structural protein 
homologue of CT29, but the two genes that encode the slgma factors may 
be evolutlonarlly divergent. 
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The morphological changes that occur in B. thuringiensis during 
sporulation and crystal formation have been extensively reviewed by 
BuUa et al. (1980) and Andrews et al. (1987). 
For studies on gene expression in this laboratory, B. thuringiensis 
subsp. kurstakiHD25l was chosen. This strain possesses greatly 
reduced levels of intracellular protease activity during sporulation 
(Andrews et al, 1985). As such, the use of this strain should facilitate 
studies on proteins that are synthesized during sporulation, for 
example, the altered forms of RNA polymerase that are likely to exist. 
In a comparative study by Bibilos and Andrews (1988), the protoxin 
from strain HD251 (a protein synthesized during sporulation) was 
processed differently in subsp. kurstakilBl, subsp. israelensis, and 
subsp. thuringiensis (Berliner) than it was in subsp. kurstakiHD251. 
Workers in France (Klier et al, 1973) purified three forms of 
RNA polymerase from B. thuringiensis subsp. thuringiensis (Berliner) 
strain 1715 cells. The three forms were designated veg, spo form I, 
and spo form II. Modification of the P' subunit in spo form I enzyme 
was attributed to an intracellular protease present early in sporulation, 
a modification that occurred both in vivo (KUer and Lecadet, 1974) 
and in vitro when purified veg enzyme was incubated with a purified 
preparation of intracellular protease (Lecadet et al, 1977). These 
reports were published soon after similar work in B. subtilts by Losick 
and colleagues appeared, and were probably influenced by them. 
Losick discovered that the (3' subunit of RNA polymerase had been 
proteolytically modified during early sporulation in B. subtilis (Losick 
et al, 1970), a result that suggested that the modification was Involved 
in gene expression. Subsequently, workers from the same laboratory 
showed that the proteolytically-cleaved (3' subunit in B. subtilis was the 
result of an artifact of their purification scheme, and was not an 
authentic reflection of the situation in vivo (Linn et al, 1973). These 
diff'erences between B. subtUis and B. thuringiensis remain unresolved. 
Because B. thuringiensis subsp. kurstakiHD25l does not possess high 
levels of intracellular protease (Andrews et al, 1985; Bibilos and 
Andrews, 1988), modification of RNA polymerase during sporulation 
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might be a laboratory artifact. Indeed, the strain used by Klier and 
Lecadet for their RNA polymerase studies, B. thuringiensis subsp. 
thuringiensis strain 1715 (Klier and Lecadet, 1974), has recently been 
shown by Bibilos and Andrews (1988) to contain very high levels of 
PMSF-insensitive intracellular proteases. Moreover, Brown and 
Whiteley (1988) recently purified the RNA polymerase from 
sporulating B. thuringiensis cells in a non-modified form. 
If the genes that encode the 130- and 68-Kdal mosquitocidal 
toxins from subsp. israelensis could be introduced into the subsp. 
thuringiensis 1715 genetic background, the role of the "host" bacterium 
in the conversion of protoxin subunits to toxin subunits could be 
determined. The data of Hurley et al (1987) support the notion that 
significant conversion occurs during crystal biogenesis. Cell-free 
extracts of subsp. israelensis sporulating cells have already been shown 
to convert subsp. kurstaki HD251 protoxin to toxin (Bibilos and 
Andrews, 1988). 
It is not clear what significance spo form I RNA polymerase has 
during sporulation in B. thuringiensis because spo form II RNA 
polymerase is involved in the synthesis of both "stable" RNA (Rain-
Guion et al, 1976) and crystal toxin mRNA (Klier and Lecadet, 1976). 
The subunit composition of spo form II RNA polymerase was later 
shown (Klier et al, 1983b) to consist of p,p',a2 and non-stoichiometric 
amounts of Y (35 Kdal) and Z (27 Kdal). Brown and Whiteley (1988) 
recently purified an RNA polymerase from sporulating subsp. kurstaki 
HDl-Dipel cells that specifically initiates transcription from the Btl 
promoter of their cloned crystal protoxin gene. The RNA polymerase 
contains a unique subunit that, when added to core RNA 
polymerase isolated from vegetative cells, directs specific crystal gene 
promoter recognition. The RNA polymerase that contained the 
vegetative subunit was inactive on this template. Brown and 
Whiteley (1988) also reported that Btll-specific transcription was 
directed by another a subunit, but further details were not given. They 
observed that RNA polymerase subunits were not degraded during 
purification of the enzyme by using gel filtration, DNA-affinity and ion-
exchange columns. 
Three basic approaches were considered for initiating a study of 
gene expression in B. thuringiensis from the perspective of what is 
understood about sporulation in B. subtilis: 1) each of the different 
forms of RNA polymerase could be laboriously purified from B. 
thuringiensis, to show that they have unique sigma factors that are 
necessary in vitro for the synthesis of measurable levels of specific 
sporulation mRNAs and/or proteins, 2) DNA templates that contain 
promoters from well characterized veg and spo genes in B. subtilis 
could be used to assay cell-free extracts made from exponentially 
growing and sporulating cells of B. thuringiensis which would establish 
that the different suspected forms of RNA polymerase are there, and 
3) B. thurir^iensis promoter-containing DNA sequences could be 
cloned and directly assayed for differential patterns of veg and spo 
gene expression. 
This laboratory has attempted all three types of analyses. The 
first method, purification of RNA polymerase, is the most time-
consuming, labor intensive, and probably most expensive method. 
Much hard work, collaboration with colleagues, skill, and good fortune 
are required. The second method also has its limitations. By using 
defined templates from other sporulating bacteria, one is confined to 
the limitations of the specific system that is selected. As discussed 
above, considerable evidence exists that sporulation in B. thuringiensis 
does not occur in exactly the same manner as sporulation in B. subtilis. 
Thus, a direct analysis of promoters in B. thurtr^iensis at the DNA level 
was initiated. A promoter-probe plasmid that contains a reporter gene 
that is missing its own promoter was selected. Thus, an exogenous 
promoter provided to the reporter gene in the proper configuration 
might drive reporter gene expression. Although each of the three 
methods could be used, and each method has advantages and 
disadvantages, the third method was the most direct, and was 
expected to yield the most pertinent results in a reasonable amount of 
time. 
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Cloning Promoters with pKOl 
The promoter-probe plasmld that was chosen for these studies, 
pKOl (Figure 1), was constructed by Martin Rosenberg and his 
colleagues at the National Cancer Institute (McKenney et al, 1981; 
Rosenberg et al, 1982, Rosenberg et al, 1983). pKOl is a 3.9 Kb 
plasmid derived from pBR322. The tetracycline resistance gene was 
removed and replaced with the E. coli galK (galactose kinase) coding 
sequence. Because galK is the third and last structural gene in the 
polycistronic galactose operon, behind galE (galactose epimerase) and 
galT (galactose transferase), the galK gene cassette in pKOl is 
promoterless, and hence transcriptionally silent. Translation of galK 
in E. coli normally initiates at its own Shine-Dalgamo site, which is 
located between the 3' end of galT and the 5' end of galK. This is an 
important and useful feature of pKOl: it ensures that fifaïK translation 
will be independent of RNA structures upstream in a fusion transcript. 
Upstream of galK are a number of unique restriction endonuclease 
cleavage sites useful for cloning promoter-containing DNA fragments 
in pKOl (EcoRl, SphI, Hindlll, Aval, Smal). Any of these sites can be 
used to construct libraries of DNA fragments containing promoter 
activity. When fused in the proper orientation, the inserted promoter-
containing fragment will control galK expression. 
To screen for transformant colonies that express gaUC activity, 
the plasmid must reside in a host that is galE^ galT*" galK". A cloning 
host that fulfills these requirements is E. coHHBlOl (galK, recA). 
Transformants are plated out on MacConkey's agar containing 1% 
galactose as the carbon source and 100 ng/ml ampicillin. The 
antibiotic selects for the plasmid-encoded Ap^ gene, ensuring that all 
colonies that form are authentic transformants, whereas the red-white 
color differentiation on MacConkey's agar allows one to quickly tell 
which transformants have galK activity, presumably the result of an 
insertion of a promoter upstream of galK. Colonies with red coloration 
are the result of a particular colony being able to produce acid by-
FIG. 1. Promoter-probe plasmid pKOl 
Plasmld size is 3907 base pairs. The regions encoding the ampicillin 
resistance (ApH and promoterless galactokinase (^ralK) genes are 
indicated by thick arrows. Because galK lacks appropriate 
transcriptional start signals, it is not expressed in pKOl. Restriction 
sites relevant to this study are shown. DNA fragments inserted into any 
of the sites between Ap*" and galK which contain promoter sequences 
that function in E. coli and are oriented in the proper direction will 
permit transcription of galK. Translational stop codons in all three 
reading frames are located between the cloning sites and the initiation 
codon of galK', this ensures that non-functional fusion proteins will not 
be formed and that the amount of galactokinase produced is dependent 
solely upon promoter strength. The origin of replication and the Ap^ 
gene are from pBR322. The galK gene is from the chromosome of E. 
colt The 293 bp EcoRl-Hindlll fragment is from the O gene of 
bacteriophage X (see McKenney et al, 1981, for further details of the 
construction). 
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products as the result of galactose metabolism. The acid precipitates 
the bile salts present in the agar, resulting in a red colony. White 
colonies, on the other hand, cannot metabolize galactose. Instead, 
they utilize the proteinaceous nutrients in the agar, producing basic 
pH end products that are not able to precipitate the bile salts. Caution 
must be exercised in this first analysis of the transformants. If one 
allows the colonies to incubate too long, white colonies may turn red, 
due to the local production of other sugars by anabolic pathways fueled 
by growth on protein, allowing the colony eventually to become red 
(personal observation). 
An additional feature of pKOl that maximizes the number of 
possible promoters that can be cloned is the presence of translational 
stop codons in all three reading frames downstream from the cloning 
sites but upstream of the galK ribosomal binding site (McKenney et al, 
1981). Any translation initiation that occurs because of the existence 
of a ribosomal binding site in the fusion transcript will be terminated 
prior to the ribosome reaching galK sequences. The result is that no 
fusion proteins are formed. If the stop codons were not present, one 
could imagine that a given promoter and Shlne-Dalgamo site cloned 
together into pKOl might, in some cases, yield a non-functional fusion 
polypeptide, resulting in no assayable galK activity. Sequences that 
could conceivably cause this might be promoters and N-termlnal ends 
of membrane proteins. The galactoklnase moiety might become 
burled in the cell membrane, causing its activity to function poorly or 
not at all. The last of these stop codons is placed 74 bases upstream of 
the galK ribosomal binding site. This allows a ribosome easy access to 
the galK translational start point. The translational stops allow 
uniform synthesis of galactose kinase enzyme as a function of RNA 
polymerase utilization of the cloned promoter sequence. 
Measurement of GalK activity is thus an accurate means by which to 
assess promoter strength. 
pKOl may be used (A) to isolate promoter sequences, (B) to 
isolate transcriptional termination sequences, by inserting DNA 
fragments into a site between a previously cloned promoter and the 
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galK gene, (C) to isolate promoter-up mutants, (D) to isolate 
promoter-down mutants, (E) to isolate mutants that terminate 
transcription more efficiently, (F) to isolate mutants that terminate 
less efficiently, and (G) to isolate transcriptional antiterminators 
(McKenney etal, 1981; Rosenberg etal, 1983). 
Most studies using pKOl have reported the primary isolation of 
promoters. pKOl has been used to clone the bacteriophage \Pl 
(McKenney etal, 1981) and bacteriophage T4 gene 32 (Gorski etal, 
1985) promoters, and several promoters for E.coli genes such as gal 
lac (McKenney et al, 1981), his (Riccio et al, 1985), rmA (Sarmientos 
etal., 1983), the tRNA^eu gene (Duester etal, 1982), and two genes 
from the insertion sequence IS5 (Rak et al, 1982). pKOl has also 
been used to clone promoter sequences from numerous other bacteria 
in an E. coli background. These include the ilvGEDA operon promoter 
from S. typhimuriian (Blazey and Bums, 1982), the developmentally 
regulated a32, and promoters on the S-fragment from B. 
subtilis (Wong et al, 1984), the cereolysin gene promoter from B. 
cereus (Kreft et al, 1984), a Pseudomonas syringae promoter that 
controls the synthesis of two proteins involved in bean brown spot 
disease (Mukhopadhyay et al, 1988), promoters from two anaerobic 
bacteria, Clostridium absonum and Bacteroides thetaiotaomicron 
(Roberts etal, 1988), promoters from Mycobacterium bovis BCG 
(Sirakova et al, 1989), chloroplast promoters from the tobacco plant 
Nicotiana tabacum (Kong et al, 1984) and the green alga 
Chlamydomonas reinhardtii (Wu et al, 1986). Of note to this discussion 
is a recent study by Konyecsni and Deretic (1988), featuring a 
different promoter-probe plasmid, showing that cloned DNA 
fragments from Pseudomonas, Azotobacter, Borrelia, Klebsiella, 
Enterobacter, Bacillus, and Streptococcus function efficiently as 
promoters in an E. coli background. 
An example of the use of pKOl to clone transcriptional 
terminators is the cloning of the phage X, rho-independent terminator 
tL3 (Luk and Szybalski, 1982). This terminator, when placed between 
a promoter and the galK gene, was 94% effective in reducing GalK 
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activity. 
In an example of the use of pKOl to characterize an anti-
transcriptional terminator, the X nutL anti-terminator sequence was 
placed between an efficient promoter and an efficient transcriptional 
terminator in pKOl (Drahos et al, 1982). The nutL antiterminator 
construct (promoter-nutL-terminator-^faïK) restored GalK activity in 
the negative control (promoter-terminator-galK) from 10% to 60% of 
the positive control (promoter-gaLK). 
A serious drawback in the use of pKOl for promoter analysis is 
the fact that it is maintained in E. coli at a high copy number. pBR322, 
from which pKOl is derived, has a copy number of 150-200 plasmids 
per cell (Minton et ai, 1988). If a given promoter was normally under 
the control of a repressor or an inducer, one would expect that the 
promoter, in high copy number, would titrate out the limited control 
molecules present in the cell. The fact that this is true has been 
demonstrated by McKenney et al. (1981). When the gal and lac 
promoters were cloned into pKOl, GalK protein was constitutively 
expressed, presumably because there was not enough repressor 
available to hold transcription of the galK gene back. When identical 
constructs were inserted into X phage and the host cell lysogenized to 
create a single chromosomal copy, both the gal and the lac promoters 
functioned under normal inducible control. 
There are exceptions, however, to the above drawback. One 
involves the dual rmA ribosomal operon promoters from E. colt 
Because there are only seven ribosomal opérons in E. coli, their 
promoters must be very strong since about 50% of the RNA 
polymerase molecules in the cell are occupied at these sites. 
Ribosomal opérons contain two promoters. Pi and P2, the first being 
subject to stringent control, and the second specifically sensitive to 
amino acid starvation. When cloned into pKOl, and thus present at 
high copy number, such promoters were controlled by the same 
mechanisms (Sarmientos et al, 1983). The same workers found, 
however, that the rmA promoters could not be cloned into pKOl in an 
orientation that allowed transcription to fire directly into galK-, the 
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plasmld was unstable, presumably due to copy number problems as the 
result of transcription through galK and on into the plasmid origin of 
replication, altering the intricate balance between RNAl and RNA2, 
which controls the number of plasmid DNA molecules that are formed 
by the DNA replication apparatus of the cell. A construct that was 
slightly more stable contained the weak terminator tRi from 
bacteriophage K, placed between the rmA promoters and galK. The 
resulting plasmid, however, could not be chloramphenicol amplified. 
The most stable construct contained an additional (stronger) 
terminator, from rrnB, between the rmA promoters and % tRi. Its host 
formed white colonies on MacConkey-galactose-ampicillin agar, and 
the workers were forced by this circumstance to perform their 
regulatory analysis of rmA promoter activity by directly analyzing by 
hybridization the levels of rrnA transcripts formed (Sarmientos etal, 
1983). 
An example of another exception to the high copy number 
drawback of pKOl mentioned above occurs with the inducible mal 
operon of E. coll Maltose-inducible transcripts were produced at high 
levels and used for oligonucleotide fingerprinting to determine the 
exact start points relative to the cloned DNA insert (Bedouelle et al, 
1982). Transcription was repressed by glucose. Interestingly, the 
same DNA insert yielded a red colony in both orientations; the two 
apparent transcripts had different relative start points (271 bp apart), 
and were identified as the divergent malE and malK regulatory 
promoters. The authors proposed that maltose operon transcription 
might be positively regulated by another protein factor, perhaps the 
MalT protein; high promoter copy number could indeed titrate out the 
proposed positive regulatory protein, but since RNA polymerase would 
necessarily require the factor for promoter recognition, excess 
promoters would not be utilized (Bedouelle etal, 1982). 
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Promoters firom B. thuringiensis 
The promoter-cloning study described in this dissertation is not 
the first such study to be performed with B. thuringiensis genomic DNA. 
Research workers in the Soviet Union have used the promoter-probe 
plasmid pGA24 (An and Friesen, 1979) to clone Hfndlll fragments of 
B. thiuir^iensis subsp. gaUertae that function efficiently as promoters in 
an E. coli background. Out of 25,000 transformant colonies screened, 
111 contained inserts with promoter-like activity (Tsoi etal, 1981). 
The pGA24 reporter gene is a promoterless copy of the tetracycline 
resistance gene from pACYC184. Promoter strength was measured by 
challenging the promoter clones with higher and higher amounts of 
tetracycline; the range of promoter strengths thus measured was 
between 3-45 p,g tetracycllne/ml. Because the pGA24 origin of 
replication is derived as well from pACYC184, plasmid copy number is 
low (less than 10 per genome). Thus, pGA24 does not suffer to the 
same extent from the high copy number drawbacks discussed above 
forpKOl. 
Two of the promoter clones of Tsoi et al. (1981) were further 
studied. One of these, pPBT9, contained a 1.5 Kb Hfndlll insert that 
conferred upon its host a resistance to 7-10 ng/ml of tetracycline. 
The other plasmid, pPBT74, contained a 750 bp Hindlll fragment that 
conferred upon its E. coli host a resistance to 40 iig/ml of tetracycline. 
When radiolabeled pPBT9 DNA was used to probe Southern blots of 
total genomic B. thuringiensis subsp. gaUeriae DNA digests, several 
homologous bands were detected in both chromosomal and plasmid 
DNA preparations (Sakanyan et al, 1982). Thus pPBT9 contains 
sequences common to many genes in B. thuringiensis. Genes that fit 
these criteria might be rRNA or tRNA genes, which are known to be 
highly related. To localize the promoters, both pPBT9 and pPBT74 
were digested to completion with Alid, a relatively frequent cutter. 
The resulting fragments were incubated with purified E. coli RNA 
polymerase in the absence of nucleoside triphosphates. The mixture 
was then filtered through nitrocellulose; only those fragments that 
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bind RNA polymerase tightly can be retained on nitrocellulose filters 
under the conditions employed (Talkington and Pero, 1978). 
Sakanyan et al. (1982) thus observed that three pPBT9 subfragments 
and one pPBT74 subfragment were retained by nitrocellulose filters, 
suggesting that the promoters were specifically present on these Alul 
fragments. 
The Emerging Understanding of Gram-Positive Genetic Exchange 
Transfer of plasmid DNA among B. thuringiensis strains was first 
observed by Gonzales et al. (1982). Plasmids were shown to move 
from crystal-positive donors to crystal-negative recipient B. 
thuringiensis cells by a conjugation-like mating event that occurs in 
slowly agitated mixed broth cultures. The progeny bacteria had 
acquired the ability to synthesize insecticidal crystals. These 
observations established that crystal genes were often plasmid borne. 
Subsequently, the cloned Berliner crystal gene was transferred from B. 
subtilis to acrystalliferous subsp. kurstaki and to crystal producing 
subsp. israelensis, the latter being newly endowed with the ability to 
kill lepidopterans as well as dipterans (Klier et ai, 1983a). 
Subsequently, it has been shown that conjugal transfer of large 
plasmids among B. thuringiensis, B. cereus, and B. anthracis occurs in 
broth matings (Battlsti et al, 1985). The conjugal plasmids were 
designated pXOll and pX012. The later plasmid carries a crystal 
toxin gene which is efficiently expressed in all three bacilli. 
Strongly implicated in movement of DNA between B. thuringiensis 
and its relatives is a transposon, Tn4430. It is a 4.2 Kb mobile 
element with 38 base pair inverted repeats. It was first observed 
when it "jumped" onto the Streptococcus faecalis conjugative plasmid 
pAMpl when newly introduced by a filter-mating protocol into B. 
thuringiensis (Lereclus et ai, 1983; Lereclus et al, 1985). The 
transposon was shown by Southern blot hybridization to be located on 
the same large plasmids as the crystal gene itself, in subspecies 
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thuringiensis (Berliner), kurstaki, sotto, and aizawai (Lereclus et al, 
1984; Lereclus et al, 1985). Only subspecies dendrolimus did not have 
the transposon, but it is believed that its crystal gene is 
chromosomally borne. Tn4430 was cloned into pBR322 and 
transformed into E. colt, somewhat surprisingly, it functioned in its 
new host (Lereclus et al, 1986). This indicated that not only is the 
putative transposase enzyme functional in a Gram-negative 
background, but that the postulated host-encoded functions necessary 
for transposition are shared by B. thuringiensis and E colt 
Tn4430 encodes a 113 Kdal transposase homologous to the 
transposases of Tn3, Tn2i and Tn50I (Mahillon and Lereclus, 1988). 
It generates co-integrates between donor and target in a manner 
characteristic of the Tn3 (class II) family of transposons. Co-integrate 
résolution is mediated by a 32 Kdal protein, also encoded by Tn4430, 
which Is homologous to site-specific recombinases of the phage X 
integrase family (Mahillon and Lereclus, 1988). A 5 bp duplication is 
formed upon insertion of Tn4430 into E.coli (Lereclus et al, 1986). 
Analysis of sequence data did not reveal any obvious promoter-like 
sequences that matched with known a-speciflc consensus sequences 
of E. colt and B. subtilis (Mahillon and Lereclus, 1988). Such suggestive 
evidence further substantiates the notion that entirely different sigma 
factors may be used in B. thuringiensis. 
Green et al (1989) have recently shown that Tn4430 is present 
on the large self-transmissible crystal gene-containing plasmid pX012 
of B. thuringiensis subsp. thuringiensis. Southern blotting experiments 
reveal that Tn4430 "jumped" onto both pXOl and pX02, the large 
capsule-associated plasmids native to B. anthracis when co-mobilized 
by pX012 into B. cereus. Moreover, co-integrate pX01:pX012 and 
pX02:pX012 plasmids were observed in transcipient cells by agarose 
gel electrophoresis. The co-integrates could co-mobilize the small Tc^^ 
plasmid pBC16 just as well as pX012 alone. Not surprisingly, Tn4430 
hybridizes to the same 16 Kb Aval fragment of pX012 as do crystal 
gene sequences. 
Aronson and Beckman (1987) demonstrated a low frequency of 
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chromosomal marker transfer in filter- and broth-matings of donor B. 
thuringiensis subsp. kurstaki HDl with recipient B. cereus 569K. They 
always observed the transfer of a 44 Kb crystal gene-containing 
plasmid from donor to recipient cells that possesses a 2.5 Kb region of 
homology to the subsp. kurstaki chromosome. It is tempting to 
speculate that Tn4430 is somehow involved in this phenomenon. 
Originally, pAMpl was transferred from S.faecalis to B. 
thuringiensis to see if its well characterized co-mobilizing properties 
could be exploited in the transfer of native B. thuringiensis plasmids 
thought to harbor the crystal gene (Lereclus et al, 1983). Indeed, 
when B. thuringiensis donors containing pAMpi were mated with 
recipient B. thuringiensis cells, transfer of large plasmids encoding 
crystal protein was observed (Lereclus et al, 1985). The suspicion 
that B. thuringiensis might contain a mobile element of its own 
(Lereclus et al, 1983), and that it might be closely associated with the 
crystal gene, led to an attempt to mate B. subtilis donors containing 
cloned copies of the crystal gene in broth with aciystalliferous B. 
thuringiensis recipients. The donor plasmid, pBT42-l, contained the 
crystal gene on a 14 Kb insert from B. thuringiensis Berliner in pHV33, 
a pBR322-pC194 shuttle vector. The plasmid was transferred to 
recipient B. thuringiensis cells in these matings, leading to the 
synthesis of parasporal crystals that were toxic to lepidopteran larvae 
(Klier and Rapoport, 1984). This transfer event was almost certainly 
the result of Tn4430 sequences on the cloned 14 Kb crystal gene-
bearing DNA fragment. This makes sense in light of recent evidence 
that Tn4430 is responsible for movement of large plasmids from B. 
thuringiensis to B. cereus and B. anthracis (Green et al, 1989). 
Development of a Genetic System for Bacillus thuringiensis 
A series of observations made by Robert Andrews and his 
colleagues at Iowa State University has resulted in the development of 
a new genetic transfer system that has enormous potential for use in 
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understanding the fundamental molecular mechanisms of gene 
expression in B. thuringiensis. This work derives from the intriguing 
phenomenon displayed by the Gram-positive conjugative plasmid, 
pAMpl, which is capable of movement from S.faecalis to B. 
thuringiensis (Lereclus et al, 1983). Whereas the original workers 
narrowed their interests in this phenomenon to the native B. 
thuringiensis transposon Tn4430, which "Jumped" onto pAMpl, many 
other workers focused on different aspects of Gram-positive genetic 
transfer. A newly discovered transposon, Tn916 (Franke and Clewell, 
1981), had been shown to move in nitrocellulose-membrane filter 
matings from S.faecalis to S. aureus (Jones et aL, 1987). A curious 
observation then followed: when donor and recipient S. aureus 
protoplasts were mixed together without addition of a membrane-
fusing agent, such as polyethylene glycol, Tn9J6 movement from 
donor protoplast to recipient protoplast was detected at frequency of 
10"® to 10-9 (Yost etal., 1988). This observation was quite puzzling 
since the experiment was designed as a negative control to augment a 
protoplast fusion protocol. As often is the case in scientific enquiry, 
the control became the experiment. 
When S. faecalis donor cells containing a chromosomal copy of 
Tn9J6 were mated overnight on nitrocellulose filters with B. 
thuringiensis (Naglich and Andrews, 1988a), movement of the 
transposon occurred at detectable frequencies (10"®), significantly 
above the background rate of spontaneous mutation (10"®). Transfer 
required cell-to-cell contact and was insensitive to DNasel; broth 
matings did not yield transconjugants. 
These findings were extended by the observation that Tn9J6 
was capable not only of its own transfer, but also of co-mobilizing the 
transfer of certain donor plasmids to B. thuringiensis (Naglich and 
Andrews, 1988b). For these experiments, Tn9J6 was first transferred 
into a B. subtilis strain that already harbored pC194. When this B. 
subtilis donor (AN-861) was mated to recipient B. thuringiensis by the 
above protocol, three classes of progeny transconjugants were 
recovered; those which harbored Tn9i6 alone (10"'^), those which 
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harbored both Tn916 and pC194 (2 x 10-6), and those containing 
pC194 alone (3 x 10 5). Similar observations were made with 
pUBllO, but pE194 could not be transferred by this method. 
One other report demonstrates movement of pC194 between 
strains of B. thurtngiensis, Loprasert etal (1986), showed that pC194 
could move from subsp. israelensis donors to isogenic recipients via a 
conjugation-like process at a frequency of 10 t However, when 
pC 194-containing B. subtilis donors were used instead, movement of 
the plasmid could not be detected. Again, it is tempting to speculate 
that a transposable element native to B. thurtngiensis may be involved in 
the observed plasmid mobility between subsp. israelensis strains. 
Indeed, Adams et al (1989) have recently cloned and partially 
sequenced a gene from subsp. israelensts that displays a high degree of 
homology to the Tn4430 transposase gene. 
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SECTION I. MOLECULAR CLONING AND CHARACTERIZATION 
OF VEGETATIVE AND SPORULATION-SPECIFIC 
PROMOTERS IN BACILLUS THURINGIENSIS 
Abstract 
Transcriptional control elements from Bacillus thwingiensis 
subsp. kurstaki HD251 total genomic DNA were cloned into the 
promoter-probe vector pKOl. Transformant colonies containing 
plasmid Inserts with promoter activity in Escherichia colt were selected 
by their red coloration on MacConkey-galactose-ampicillin indicator 
plates. Promoter inserts were further screened for evidence of 
temporally-regulated transcription in B. thurtngiensis by dot-blot and 
Southern hybridization to 32p-iabeled total RNA extracted from of B. 
thurtngiensis at various times throughout growth (mid-exponential 
phase) and sporulation (Tospo, T2.5SPO, Tsspo). Several cloned DNA 
fragments were identified that possess gene sequences that are 
expressed in B. thurtngiensis exclusively during sporulation (T2.5SPO-
Tsspo); other fragments were identified that are expressed at all times 
tested {veg-T^spo). Representative DNA fragments from each of the 
two observed temporal expression classes were subcloned in both 
orientations into the phagemid pUCllS, and partial restriction 
enzyme maps were generated. 
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Introduction 
Bacillus thuringiensis is a soil-borne, Gram-positive, sporulating 
rod that has the ability to kill certain insect larvae upon ingestion. 
The toxin responsible for this phenomenon exists in the form of a 
large intracellular anhydrous protein crystal that is synthesized only 
during sporulation. In the alkaline environment of the larval insect 
midgut, the crystal dissolves and individual polypeptide subunits are 
proteolytically processed to form active toxins which subsequently 
bind insect midgut cell receptors and cause leakage of hemocoelic 
contents into the midgut space. Larval death thus provides a nutrient-
rich environment in which spore germination can occur, followed by 
rapid bacterial growth (Bulla et al, 1980; Andrews et al, 1987). 
This laboratory group is investigating the process of sporulation 
in B. thuringiensis by studying the mechanisms of gene expression 
during vegetative growth and sporulation. Sporulation in B. 
thuringiensis is believed to occur by mechanisms similar to those used 
by Bacillus subtilis. This primarily involves the temporal control of 
transcription whereby several sets of genes are coordinately expressed 
during sporulation within their proper mother-cell or forespore 
compartments, through changes that occur in the recognition 
properties of cellular RNA polymerase holoenzyme (Losick and Pero, 
1981; Doi and Wang, 1986; Losick et al, 1986). Not all aspects of 
sporulation in B. thuringiensis, however, are identical to those of B. 
subtilis. The most dramatic of these is the concomitant synthesis of an 
insecticidal crystal during sporulation in B. thuringiensis. Crystal 
protein subunits also accumulate in the spore coat (Aronson et al. 
1982), and this has led to speculation that the crystal is actually an 
overexpressed spore coat protein. The crystal gene is transcribed by a 
form of RNA polymerase that possesses a subunit, a sigma factor 
unlike any described in B. subtilis (Brown and Whiteley, 1988). The 
morphological changes that take place in B. thuringiensis during 
sporulation have been extensively documented by Bulla et al (1980). A 
major difference from B. subtilis is the observation that forespore 
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engulfment In B. thuringiensis subsp. kurstaki is completed at a subpolar 
location (Bechtel and Bulla, 1976) rather than at a more polar location. 
There are, however, some aspects of sporulation that are shared 
between the two bacilli. For instance, B. thurtngiensis probably 
possesses a close homologue of one of the sporulation-specific 
Sigma factors that is involved in sporulation stage Il-specific gene 
transcription in B. subtilis. Bacillus cereus, a close relative of B. 
thurtngiensis (Baumann etal, 1984), contains a sporulation-specific 
polypeptide that binds to an anti-o29 monoclonal antibody (Trempy 
and Haldenwang, 1985). 
Crystals isolated from different representatives of B. thuringiensis 
are specifically toxic to lepidopteran (Bulla et al, 1980), dipteran 
(Undeen and Nagel, 1978; TYrell et al, 1979), or coleopteran (Krieg 
et al., 1987) larvae. Many of the genes that encode these toxins have 
been cloned; sequence analyses of the cloned toxin genes indicate that 
the different genes are distantly related to one another and thus form 
a coherent gene family (for review, see Hofte and Whiteley, 1989). 
Although the crystal gene family and flanking transposon genes 
have been well studied (Mahillon and Lereclus, 1988), little is 
currently known about the regulation of other genes in this bacterium 
and hence, the genetic and molecular background upon which crystals 
are synthesized. By attaining a better understanding of how other 
genes are regulated, important insights into crystal protein synthesis 
are likely to emerge. 
This paper reports the cloning and characterization of several 
putative temporally-regulated promoters from B. thuringiensis subsp. 
kurstaki HD251. This isolate possesses low levels of intracellular 
protease activity during sporulation (Andrews etal, 1985; Bibilos and 
Andrews, 1988) which facilitates studies of sporulation-specific 
polypeptide biosynthesis and function. 
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Materials and Methods 
Bacterial strains and plasmids. B. thurtngiensis subsp. kurstaki 
HD251 was originally obtained from H.T. Dulmage, U.S. Department of 
Agriculture, Brownsville, TX. The HD culture collection was 
transferred to the Northern Regional Research Center (NRRL), Peoria, 
IL (Nakamura, 1987). E. coWHBlOl {galK, recA) was obtained from 
Life Technologies, Inc. (formerly BRL), Bethesda, MD. Plasmid pKOl 
was obtained from G.G. Mahairas and F.C. Minion, Veterinary Medical 
Research Institute, Iowa State University, Ames, lA. Plasmid pH2, 
obtained from Lee A. Bulla, Jr., University of Wyoming, Laramie, WY, 
contains an approximately 6 Kb B. thwingiensis subsp. thuringiensis DNA 
insert containing the C-terminal 3 Kb of the insecticidal crystal 
protein gene cloned by Wabiko et al. (1985) plus flanking 3' sequences 
in pUC13. Plasmid pAHl, derived from pH2 In this laboratory, 
contains the internal 1.7 Kb Hindlll-Sacl crystal gene fragment in 
pUC13. Plasmid pESl, containing the cloned B. thuringiensis subsp. 
fcurstafci HDl-Dipel crystal gene (Schnepf and Whiteley, 1981), was 
obtained from the American T^pe Culture Collection (ATCC No. 
31995). Plasmid pRWMS, containing a cloned B. cereus p-lactamase 
gene in pUBllO, was obtained from J. Oliver Lampen (Mezes et al, 
1985). Plasmid pAB31, containing a cloned Bacillus amyloliquefaciens 
amylase gene In pUBllO was constructed in this laboratory by R.J. 
Beckett. Plasmids pAH12-pAH31 are described in this work. 
Growth media and extraction of nucleic acids. B. thuringiensis 
subsp. kurstaki HD251 was routinely cultured in liquid GYS medium 
(Nickerson and Bulla, 1974) modified by the addition of 0.1% sodium 
citrate and 0.2% yeast extract (Difco) as described by Andrews et al 
(1987), at 30° C with vigorous shaking. By using these culture 
conditions, cells in physiological synchrony can readily be obtained. E. 
colt cells were made competent by the CaCl2 procedure of Hanahan 
(1983) in LB broth (10 g tryptone, 5 g yeast extract, and 10 g NaCl, 
per liter). pKOl transformants were spread onto MacConkey agar 
(Difco) containing 1% galactose and 100 ^ig per ml amplclllln. 
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Transformant galactokinase positive colonies chosen for further study 
were streaked for isolation and stored in 50% glycerol at -70° C until 
needed. The remaining transformant colonies in the library were 
stored for future use in the same manner after scraping cells off agar 
plates with sterile glass hockey sticks and combining them in sterile 
saline to which an equal volume of sterile glycerol was subsequently 
added. 
Total genomic DNA from B. thwingiensis subsp. kurstaki HD251 
was isolated from lysozyme-treated (15 mg/ml), mid-exponential cells 
by the chloroform-isoamyl alcohol extraction procedure of Marmur 
(1961) as described by Johnson (1981), and stored in distilled water 
at -70° C. Plasmids used for cloning and as hybridization probes were 
extracted from E. coli by the alkaline-lysis procedure (Maniatis et al, 
1982) and were further purified by ultracentrifugation through CsCl-
ethidium bromide gradients. Plasmid mini-preparations used as target 
DNAs in dot-blot hybridizations, were isolated by the Holmes and 
Quigley (1981) boiling procedure as described by Riggs and McLachlan 
(1986). Plasmid mini-preparations used for Southern hybridization 
analysis (Southern, 1975) were extracted once with 
phenol:chloroform:isoamyl alcohol (25:24:1) prior to restriction 
enzyme digestion and agarose gel electrophoresis. 
Total RNA was extracted by the procedure of Andrews et al 
(1982) from 100 ml of synchronized B. thwingiensis subsp. kurstaki 
HD251 cells harvested from modified GYS medium at mid-exponential 
phase iveg), the onset of stationary phase (To), two and one-half (T2.5), 
and five hours (T5) after To . During isolation, the RNA was kept cold 
and in the presence of 10 mM vanadyl ribonucleoside complexes (Life 
Technologies, Inc.) to inhibit RNase activity (Puskas et al, 1982), and 
the samples were subjected to between 7-10 phenol extractions. The 
integrity of RNA was determined by electrophoresis through 1% 
agarose gels after denaturation with glyoxal. Northern blots (Thomas, 
1980) of electrophoretically separated RNAs were probed with cloned 
crystal gene probes to verify that the observed pattern of temporally-
regulated hybridization was the same as previously described (Wong 
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et ai, 1983). 
To prepare specific galK probe DNA, pKOl was digested with 
both Hindlll and Mlul to release a 957-bp-fragment containing the N-
terminal 789 bp of galK. The fragment was subsequently electroeluted 
from preparative 0.7% agarose gels and extracted with 
phenol:chloroform:isoamyl alcohol (25:24:1), extraction again with 
chloroform:isoamyl alcohol (24:1), precipitated with ethanol, and 
resuspended in TE buffer (10 mM Tris-Cl, 1 mM EDTA, pH 8.0). The 
purified fragment was stored at -20 °C until needed. 
Enzymes, cloning methods and ^alactokinase assays. Restriction 
enzymes, T4 DNA ligase, and T4 polynucleotide kinase were obtained 
from Life Technologies, Inc. Calf intestinal alkaline phosphatase was 
obtained from Boehringer Mannheim, and RNase Ti was from Sigma. 
Total genomic DNA from B. thwingiensts subsp. kurstakiHD251 was 
digested to completion with Hfndlll (BRL) and ligated at 4° C for 16 h 
into Hindlll cleaved and phosphatased pKOl. The ligation ratio of 
insert to vector DNA was 5:1. Transformation of competent E. coli 
cells was by the method of Hanahan (1983). 
Galactoklnase assays were performed essentially as described by 
McKenney etal (1981). Briefly, plasmld transformants were grown in 
liquid M9 medium (Maniatis et al, 1982) supplimented with 100 \xg 
per ml ampicillin, 0.1% casamino acids, 0.3% fructose, and 1 |ig per 
ml thiamin. Cells (1.0 ml), grown to an O.D. 600 nm = 0.600, were 
lysed with 2-3 drops of toluene in 1.5 ml mlcrofuge tubes, vortexed, 
and 20 |il of the lysate was removed for assay. ^"^C-galactose was 
obtained from ICN (No. 11038). Incorporation of phosphate into 
galactose was measured by filtering the reaction mixture through 
Whatman DEAE (DE81) filters, which retain negatively-charged 
phosphate but allow uncharged galactose to pass through. The 
radioactivity of the filters was measured by liquid scintillation 
counting. 
Hybridization procedures. For dot-blots, mini-preparations of 
pKOl promoter clones prepared from 1 ml of E. coli transformant 
cells, grown overnight in LB, were treated with RNase Ti (37° C, 20 
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min), precipitated with ethanol, dried in vacuo, and suspended in 5 |il 
of TE buffer , and applied to a sheet of NYTRAN® nylon membrane 
(Schleicher and Schuell, Keene NH) in a predetermined grid pattern 
marked by using a #2 lead pencil. Restriction fragments for Southern 
analysis (Southern, 1975) separated in 0.7% agarose gels by 
electrophoresis, were transferred to nylon membranes as described by 
Medveczky et al (1987) by using a VACUBLOT™ apparatus (American 
Bionetics, Hayward, CA). The nylon membranes were dried for several 
h in a 65° C oven before prehybridization (6-24 h at 42° C) in 50% 
deionized formamide, 5X SSC (IX SSC is 150 mM NaCl, 15 mM 
sodium citrate, pH 7), IX Denhardts solution (0.02% bovine serum 
albumin, 0.02% Ficoll 400, 0.02% polyvinyl pyrrolidone), 25 ng/ml of 
denatured (boiled and rapidly cooled) Torula yeast RNA (Sigma) as 
non-specific competitor for RNA probes or 25 |ig/ml of denatured 
salmon sperm DNA (Sigma) as a non-specific competitor for DNA 
probes, and 0.2% sodium dodecyl sulfate (SDS). 
Total RNA from B. thurtngiensis subsp. kiirstakiHD251 was 
labeled at the 5' end with Y-32p-ATP (ICN No. 3500IX, specific activity 
4000 Cl/mM) and T4 polynucleotide kinase after treatment with calf 
intestinal alkaline phosphatase (50° C, 1 h) to remove the 5' 
phosphate groups. RNA probes (specific activity typically 10^ cpm per 
|ig) were separated from unincorporated nucleotides through spun 
columns (Neal and Florinl, 1973) of Sephadex G-25 in 1-ml disposable 
syringes as described by Maniatls et al (1982). RNA labeling reactions 
were subjected to single phenol and chloroform extractions as 
described earlier. The aqueous phase was applied directly to the top 
of a spun column and which was then subjected to centrifugation at 
medium speed in a clinical swinging bucket centrifuge for one min 
(the proper speed and time for centrifugation of spun columns was 
empirically determined by separating a mixture of 5% Blue Dextran 
and 0.1% brom phenol blue into its component parts). The exclusion 
volume, which contains RNA molecules longer than 10-12 nucleotides 
(BMBlochemica®, Vol. 5, No. 5, pl8, September, 1988), was boiled for 
5 min, placed in an ice-water bath for 5 min, and added to 
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hybridization bags (Sears and Roebuck, Chicago IL, #11-69630) 
containing dot-blot or Southern blot membranes along with fresh 
hybridization buffer as described above. Usually, two blots were used 
per bag, nucleic acid-side out. galK DNA (1 p.g) was labeled by nick 
translation using a kit supplied by BRL and a-32p-dCTP (25 fxCi) 
supplied by ICN (No. 33004H, specific activity 600 Ci/mM). 
Low stringency post-hybridization washes were done four times 
with agitation in 2X SSC, 0.1% SDS at room temperature for 15 min 
each, followed by two high stringency washes in 0.1% SSC, 0.1% SDS 
at 65° C for 30 min each. The membranes were wrapped in SAE^AN® 
wrap, placed against Kodak X-ray film (X-OMAT^MAR, No. 1651454), 
and exposed at -70° C with a RAREX BLUE III® intensifying screen 
(MCI Optonix, Cedar Knolls, NJ). After autoradiography, the probes 
were stripped from the membranes by treatment with boiling 0. IX 
SSC, 0.1% SDS, three times for 5 min each. Probe removal was 
verified by autoradiography for 24 h in the presence of an intensifying 
screen. 
Results 
Construction of a promoter library. To construct the promoter-
probe library, total genomic DNA from B. thurtngiensis subsp. kwstaki 
HD251 was digested with the restriction endonuclease Hindlll. The 
resulting DNA fragments were ligated into the Hindlll site of pKOl, 
and transformed into competent E. coIiHBlOl cells. Of approximately 
2000 colonies that formed on MacConkey-galactose-ampicillin agar, 
305 were visually judged to be galactokinase-positive (light pink to 
deep purple in coloration within 24 h at 37° C). Plasmid mini-
preperations were analyzed by electrophoresis on 0.7% agarose gels to 
verify that the plasmids contained inserts. To confirm that the inserts 
were derived from B. thurtngiensis, a sample of total genomic DNA from 
strain HD251 was labeled with by nick-translation and used to 
probe Southern blots of these gels (data not shown). 
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Table 2. Galactokinase activities of selected E. coUHBlOl 
transformants possessing pKOl-derivatives containing 
various B. thuringiensis subsp. kwstaki DNA Inserts 
Plasmid colony color on MGA agar 
12h 24h 
units^ 
pKOr 
blank^ 
pAH12 
pAHlS 
pAH14 
pAH15 
pAH16 
pAH17 
pAH18 
pAH19 
pAH20 
pAH21 
pAH22 
pAH23 
pAH24 
pAH25 
pAH26 
pAH27 
pAH28 
pAH29 
pAH30 
pAH31 
white 
N/A 
red 
red 
red 
white 
red center 
red 
white 
red 
white 
white 
white 
red 
white 
white 
red 
red 
red 
red 
white 
red 
white 
N/A 
red 
red 
red 
red center 
red 
red 
red center 
red 
pink 
red center 
white 
red 
red center 
red center 
red 
red 
red 
red 
red center 
red 
3.8 
2.4 
189 
62 
171 
70 
42 
283 
49 
134 
105 
44 
5.6 
98 
59 
93 
219 
209 
258 
86 
14 
209 
^Galactokinase units are defined as nmol galactose phosphorylated 
per mln per ml of cells harvested at ODeoo = 0.6 in M9 liquid 
medium supplemented with 0.1% casamino acids, 0.3% fructose, 
and 0.1 mg/ml ampicillin. The positive control for input dpm 
yielded a maximum of 1668 units. 
^Negative transcriptional control for no insert (i.e., no promoter). 
^Negative control for background dpm. 
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To determine the galactokinase activity of positive clones, cell-
free extracts of exponentially growing ceUs were prepared and assayed 
for their ability to phosphorylate galactose by the procedure of 
McKenney et al (1981). Results of a typical assay are shown in Table 
1. Galactokinase activity ranged from 5.6 units for a host that formed a 
white colony (pAH22) to 283 units for a host that formed a bright red 
colony (pAH17). The negative transcriptional control (containing only 
the vector plasmid) yielded 3.8 units of galactokinase activity. In 
general, two main colony types were retained for further study: those 
that formed reddish colonies within the first 12 h of growth on 
MacConkey-galactose agar at 37 °C, and those that turned red or 
possessed a red center surrounded by a white edge between 12 and 
24 h of growth. 
Hybridization of B. thurinaiensis RNA probes to recombinant 
pKOl molecules. Total cellular RNA was purified from B. thurtngiensis 
subsp. kurstaki HD251 cell cultures at the times indicated in Figure 2. 
Northern blots of these RNA samples indicated that crystal gene 
transcripts appeared only during sporulation but were highly 
degraded, suggesting that sporulation RNAs would be unsuitable as 
hybridization targets for promoter-containing pKOl DNA probes (data 
not shown). Therefore, a dot-blot assay was devised to test the RNAs, 
this time as radiolabeled probes, for their ability to detect temporally-
expressed genes in cloned B. thurtngiensis DNA. Figure 3 shows the 
results of one such experiment. Panels A through D are separate 
autoradiograms that represent four identically prepared dot-blots, 
each containing decreasing amounts of cloned subsp. thurtngiensis 
(pAHl, pH2) and subsp. kurstaki crystal genes (pESl) and B. 
thurtngiensis subsp. kurstaki HD251 total genomic DNA targets fixed to 
nylon membranes. Both kinds of crystal genes are expressed only 
during sporulation (Klier et al, 1982; Wong et al, 1983). Each dot-
blot was hybridized to one of the indicated RNA probes [veg. To spo, 
T2.5 spo and T5 spo) radiolabeled with 32p. The specific activities of 
the four probes were equivalent, and each autoradiogram was 
developed so that the extent of hybridization to the positive control 
FIG. 2. Typical Growth curve of B. thurtngiensis subsp. kurstaki strain 
HD251 
Cells from an overnight culture in YEG broth were inoculated into 
modified GYS liquid medium. After two h of incubation at 30° C with 
vigorous shaking, a 10% subinoculum of cells was transferred to 1000 
ml of modified GYS liquid medium. Cell growth was monitored by 
measurement of the ODeoo- -Abbreviations: veg, mid-exponential 
phase; Tospo, onset of stationary phase; T2.sspo, two-and-one half h 
after the onset of stationary phase; Tsspo, five h after the onset of 
stationary phase. 
optical Density (600 nm) 
FIG. 3. Dot-blot assay to verify temporally-dependent hybridization of 
labeled B. thwringiensis RNA probes to plasmid DNA targets 
Radiolabeled total RNA probes from B. thwringiensis subsp. kiwstaki 
HD251 were tested for their ability to detect expression of temporally 
regulated genes. Serial 1:5 dilutions (5 |il) of target DNA samples, 
denatured by boiling for 5 min in 5X SSC, were applied to four 
replicates of a NYTRAN® nylon membrane. Panels A through D 
represent autoradiograms of the dot-blots after hybridization to the 
appropriate probe. Target DMAs: pAHl, internal fragment of the 
insecticidal crystal gene from B. thuringiensis subsp. thurir^iensis 
(Berliner) in pUC13; pH2, crystal gene from subsp. thuringiensis 
missing 25% of its coding capacity at the 5' end, but including 
downstream coding sequences; pESl, entire crystal gene from subsp. 
kurstokf HDl plus flanking 5* and 3' sequences; Btfc HD251, total 
genomic DNA extracted from subsp. kurstaki HD251. Radiolabeled 
RNA probes: veg, total RNA extracted from B. thuringiensis subsp. 
kurstaki HD251 cells during mid-exponential phase (see Fig. 2, and 
Materials and Methods for further details); Tospo, total RNA extracted 
from cells at the onset of stationary phase; T2.5SPO, total RNA 
extracted from cells at two-and-one half h after the onset of stationary 
phase; Tsspo, total RNA extracted from cells at five h after the onset of 
stationary phase. 
pAHl 
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Btk HD251 
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(total genomic HD251 DNA) dots was equally intense. The 
hybridization patterns depicted in Fig. 3 show that whereas each of 
the four RNA probes hybridize similarly to total genomic DNA, only the 
cloned crystal genes hybridize to RNA taken from cells at either 
T2.5SPO or Tsspo. 
Plasmid mini-preparations from all 305 galactokinase-positive 
transformant colonies were subsequently screened for evidence of 
hybridization to the 32p.end-labeled RNA probes. Results of these 
analyses for ISO of the transformants are shown in Fig. 4. The three 
panels represent separate autoradiograms of the same nylon 
membrane probed consecutively with veg. To spo and T2.5 spo RNA 
probes; the preceding probe was stripped from the membrane, prior 
to hybridization, with the succeeding probe in the series. To assure 
that stripped membranes were free of carry-over probe, the 
membranes were exposed overnight to X-ray film in the presence of 
an intensifying screen prior to the next hybridization. Because 
discernible differences were not observed in the hybridization 
patterns generated from the T2.5 spo and Tg spo RNA probes, the T5 
spo data are not included in the subsequent discussion. As shown in 
Fig. 4, several target plasmid DNA preparations hybridized strongly to 
all of the RNA probes used and thus contain sequences that are 
transcriptionally active throughout vegetative growth and sporulation 
in B. thurtngiensis. Furthermore, a number of preparations hybridized 
exclusively to RNA probes taken from sporulating cells, and thus may 
contain promoters that are transcriptionally active only during 
sporulation. Because total cellular RNA was used as a probe in these 
experiments, our ability to identify genes that are distinct in their 
patterns of expression is limited to the more abundant species of RNA 
produced. If, for example, a given spo gene were underexpressed, 
with respect to the threshold of detection in our dot blot assay, it 
would likely escape detection. In short, our assay is biased toward the 
more abundant populations of RNA in B. thurtngiensis. 
FIG. 4. Dot-blot hybridization of RNA probes from B. thuringiensis to 
recombinant pKOl molecules containing cloned HindLll 
fragments from B. thuringiensis subsp. kurstakiHD251 
The three panels are autoradiograms of the same nylon membrane that 
contains irreversibly bound single-stranded DNA targets. Each DNA 
target sample is composed of an entire standard plasmld mini-
preparation. The top panel represents the membrane that was probed 
with radiolabeled RNA extracted from mid-exponential subsp. kurstaki 
HD251 cells [veg RNA probe). After the veg RNA probe was removed 
from the membrane by boiling in high stringency wash buffer, the dot-
blots were rehybridized (middle panel) to radiolabeled RNA extracted 
from cells at the onset of stationary phase (Tospo RNA probe). The 
bottom panel is an autoradiogram of the dot-blot after the second 
probe was removed and rehybridized to radiolabeled RNA extracted 
from cells two-and-one half h after the onset of stationary phase 
(T2.5SPO RNA probe). Controls: 1:5 serial dilutions (10 |ig to 16 ng) of 
various DNA samples; 1, total genomic DNA extracted from B. 
thurtngiensis subsp. kurstakiHD251; 2, Calf thymus DNA (Sigma); 3, 
pAHl (internal fragment of the subsp. thuringiensis insectlcldal crystal 
gene in pUC13); 4, pK01;5, cloned bla gene from B. cereus in 
pUBllO; 6, cloned amy gene from B. amyloliquefaciens in pUC19. 
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RNA hybridization to Southern blots of cloned promoter 
fragments. Approximately 10 candidate plasmid clones from each of 
the two observed expression classes [veg + spo and spo alone) were 
selected for further analysis. The plasmids were digested with Hfndlll 
to release cloned DNA inserts, and the resulting DNA fragments were 
electrophoretically separated on agarose gels. The fragments were 
transferred to nylon membranes by vacuum blotting and analyzed by 
hybridization to the same RNA probes described above. Fig. 5 shows 
the results obtained from twelve candidate plasmids. Panels A, B, and 
C each depict a single ethidium bromide-stained agarose gel and a 
series of four separate autoradiograms of the resulting Southern blot. 
The blot was hybridized, in turn, with each of the four RNA probes, 
the latter three after the previous probe had been removed. The four 
autoradiograms thus provide an index by which the hybridization 
kinetics of each DNA fragment can be visualized. Plasmids pAH15 
(panel A, lanes 9-10), pAH16 (panel B, lanes 3-4), and pAH19 (panel 
B, lanes 9-10) contain Hfndlll fragments of 1.36 Kb, 1.44 Kb, and 1.54 
Kb, respectively, that hybridize strongly to all of the RNA probes 
tested. Cells that contain pAH19 produced 134 units of galactokinase 
activity (Table 2; compare with 70 and 42 units for pAH15 and pAH16, 
respectively). Plasmids pAH12 (panel A, lanes 3-4), pAH14 (panel A, 
lanes 7-8), pAHlS (panel B, lanes 7-8), and pAH23 (panel C, lanes 9-
10), which contain Hindlll fragments of 1.74 Kb, 1.75 Kb, 3.91 Kb, and 
6.5 Kb, respectively, hybridize specifically to B. thurtngiensis RNA 
probes extracted only from sporulating cells at T2.5 and T5. 
Transformants possessing each of the four plasmids yielded 
galactokinase activities of 189, 171, 49, and 98 units, respectively 
(Table 1). Lastly, plasmids pAH13 (panel A), pAH17 (panel B), pAH20, 
21, and 22 (panel C) did not detectably hybridize to any of the RNA 
probes in this analysis. These plasmids yielded galactokinase activities 
(Table 1) of 62 (pAH13), 283 (pAH17), 105 (pAH20), 44 (pAH21), and 
6 units (pAH22), respectively. In addition, each of these plasmids 
hybridized to one or more of the RNA probes employed in the dot-
blots of Figure 4. 
FIG. 5. Southern blot hybridization of RNA probes from B. thuringiensis to selected recombinant 
pKOl molecules digested with the restriction enzyme HindlB. 
Plasmids with candidate promoter DNA. inserts were selected for analysis based on their 
hybridization to RNA probes as shown in Fig. 4. Plasmid mini-preparations were treated with 
Hmdni, and the resulting DNA fragments were stained with ethidium bromide and transferred to 
NYTRAN nylon membranes with a VACXJBLOT apparatus after electrophoretic separation (column 
1). Lanes 1-2, panels A, B, and C, contain uncut and cut pKOl, respective^. Lanes 3-4 contain 
uncut and cut pAH12 (panel A), pAH16 (panel B), and pAH20 (panel C). Lanes 5-6 contain uncut 
and cut pAH13 (panel pAH17 (panel B), and pAH21 (panel C). Lanes 7-8 contain uncut and cut 
pAH14 (panel A), pAH18 (panel B), and pAH21 (panel C). Lanes 9-10 contain cut and uncut 
pAH15 (panel A), pAH19 (panel B), and pAH23 (panel C). Autoradiograms are pictured in columns 
2-5, and represent Southern blots of the gels pictured in column 1 that were probed, in turn, with 
radiolabeled veg RNA (column 2), Tospo RNA (column 3), T2,5spo RNA (column 4), and T^spo RNA 
(column 5). 
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Tandem hybridization of aaîK DNA and B. thurtnaiensis RNA 
probes to promoter-aalK junction fragments. To correlate the 
observed galactoklnase activities measured in E. coli (Table 2) with the 
distinctive hybridization patterns displayed by individual cloned DNA 
fragments in pKOl to B. thuringiensis RNA probes (Figures 4 and 5), a 
hybridization experiment was designed to reveal whether the 
fragments were physically juxtaposed to the galK reporter gene in 
pKOl. For example, a cloned DNA fragment capable of driving 
transcription into galK in an E. coli background may or may not 
actually function in B. thuringiensis as a promoter. If GalK activity was 
not due to an authentic B. thuringiensis promoter, transcription 
initiation in E. coli might still result because of the relative A + T 
richness (65 mol %) characteristic of the B. thuringiensis chromosome 
(Claus and Berkeley, 1986). On the other hand, if a DNA fragment 
possessed promoter-like activity in E. coli, and was found to be joined 
to galK in the plasmid construct, and furthermore hybridized 
exclusively to sporulation RNA, the fragment would be likely to possess 
a spo promoter. 
Selected pKOl clones were digested with both EcoRl and Mlul 
to release a putative promoter-proximal subfragment containing nearly 
0.8 Kb of fifaZKjuxtaposed to a variable amount of cloned B. thuringiensis 
DNA in the construct. As shown in Fig. 6 plasmid pAH12 (6.8 Kb), 
lane 2, contains a 3.41 Kb double-digestion fragment that hybridizes to 
the galK probe (panel B) and to RNAs from sporulating (T5 spo) B. 
thuringiensis cells (panel D) but not to RNAs from exponentially 
dividing cells (panel C). Plasmid pAH14 (7.6 Kb), lane 4, contains a 
5.6 Kb fragment that possesses galK and sporulation-specific 
hybridizing sequences with similar temporal expression kinetics. 
pAH16 (5.4 Kb), lane 6, contains a 1.3 Kb promoter-proximal fragment 
that hybridizes to all of the probes used (lower band, panels B, C, and 
D). Plasmid pAHl5 (8.3 Kb), lane 5, on the other hand, possesses a 
2.9 Kb fragment that hybridizes only to the galK probe (panel B), but 
other fragments of 1.8 and 1.2 Kb instead hybridize very strongly to 
both the veg (panel C) and Tgspo RNA probes (panel D); the 2.9 Kb 
FIG. 6. Southern blot hybridization of gaJK and B. lJuaingiensis RNA probes to selected recombinant 
pKOl molecules digested with restriction enzymes EcdRl and MM 
Plasmids that contain putative B. thiaingiensis promoters were simultaneously treated with EcoRl 
and Mhû, and the resulting EtBr-stained fragments were transferred to nylon membranes, after 
electrophoretic separation on 0.7% agarose gels (panel A). Lane 1, pKOl; lane 2, pAH12; lane 3, 
pAH13; lane 4, pAH14; lane 5, pAH15; lane 6, pAH16; lane 7, pAH17; lane 8, pAH18; lane 9, 
pAH19; lane 10, pAH20; lane 11, pAH21. Autoradiograms that represent the Southern blot of the 
gel pictured in panel A are shown in panels B-D. The blot in panel B was probed with the purified 
957 bp HindîU-Mliû fragment igalK probe) from pKOl nick-translated with 32p (the probe 
hybridizes to the 1.3 Kb EcoRI-MIul fragment in lanel, panel B). After autoradiography and 
subsequent removal of the galK probe, the blot W2^ hybridized with radiolabeled total RNA from 
mid-exponentially growing cells of B. thuringiensis subsp. kurstaki HD251 [veg RNA probe, panel C). 
Panel D represents the same blot hybridized to total RNA isolated from sporulating cells at 5 h 
after the onset of stationary phase (Tsspo RNA probe). 
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fragment of pAH15 hybridizes only faintly to the RNA probes. This 
could indicate that the promoter in pAH15 is far away from galK, 
Plasmid pAH19 (6.8 Kb), lane 9, possesses two fragments (2.8 Kb and 
1.6 Kb) that hybridize strongly to both RNA probes; only the larger of 
these fragments, however, hybridizes to gaîK sequences (panel B). 
Plasmid pAH20 (9.1 Kb), lane 10, contains a 1.3 Kb fragment that 
hybridizes to galK, and fragments of 5.4 Kb and 2.9 Kb that hybridize 
to both RNA probes. Again, the promoter for the gene in B. 
thuringiens^ responsible for the production of the RNA which 
hybridizes to the two larger fragments is evidently quite far away from 
galK in this construct. 
The Hindlll fragments from plasmids pAH12, pAH14, pAH16, 
pAH18, pAH23, and pAH27 were purified by electroelution from 
preparative agarose gels and ligated in both orientations into the 
Hindlll site of the phagemid pUCllS. Restriction endonuclease 
mapping of these inserts (data not shown) indicated that the 1.75 Kb 
Hfndlll fragments from pAH12 and pAH14, which hybridize similarly 
to sporulation RNA probes from B. thuringiensis, are one and the same. 
The only difference between pAH12 and pAH14 is that the latter 
plasmid contains an additional Hindlll fragment of 4.1 Kb that faintly 
hybridizes to sporulation RNA in a manner similar to the smaller 
fragment. 
Discussion 
The promoter-probe vector used in this study, pKOl (McKenney 
et al, 1981), functions only in Escherichia colt This vector-host system 
was chosen because success was reported by others in the expression 
of various Gram-positive genes in this host, due presumably to the 
wide spectrum of promoter sequences recognized in vivo by E. coli 
RNA polymerase. For example, Wong et al. (1984) showed that each of 
the different developmentally regulated promoters (a^S, cy32, and 
a43) present on the B. subtilis S-fragment, when individually cloned 
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into pKOl in the correct orientation, functioned to some extent in E. 
colL pKOl has also been used to study the cereolysin gene promoter 
from B. cereus (Kreft et al, 1984). Furthermore, Roberts et al (1988) 
used this plasmid to clone a strong Clostridium promoter. Konyecsni 
and Deretic (1988), using a different promoter-probe vector, reported 
that DNA fragments randomly cloned from Pseudomonas, Azotobacter, 
Borrelia, Klebsiella, Enterobacter, Bacillus, and Streptococcus all 
function as promoters in an E. colt background. E. colt is now known to 
possess at least five distinct a factors (Wang and Kaguni, 1989). 
Hfndlll fragments from B. thwingiensis subsp. kurstakiHD251 
were cloned into pKOl and transformed into E. coli HBIOI. 
Recombinant plasmids containing DNA fragments that functioned 
efficiently in E. coli as promoters (galactokinase positive) were tested 
for temporally regulated veg and spo transcriptional activity in B. 
thwingiensis by hybridization to labeled total RNAs isolated from strain 
HD251 at different times throughout exponential growth and 
sporulation (veg. To spo, T2.5 spo and T5 spo). The hybridization 
protocol developed for this study, using cloned crystal toxin genes 
from B. thwingiensis subspp. kurstaki and thurtngiensis (Berliner) as DNA 
targets (Fig. 3) for total cellular RNA probes, unambiguously verified 
that our RNA Isolation and labeling procedures could detect 
temporally-regulated transcription and that only RNA from sporulating 
cells contained crystal gene-hybridizing sequences. These results are 
similar to those reported by Wong et al (1983) and indicate that our 
dot-blot assay can be used to detect DNA sequences that drive 
sporulation-specific transcription in B. thwingiensis. Other 
investigators also used radiolabeled total RNA probes extracted from 
sporulating B. thwingiensis cells to screen libraries of cloned DNA for 
specific transcription of genes expressed only during sporulation 
(Klier etal, 1982; Geiser etal, 1986). 
Two general classes of cloned B. thwingiensis promoter DNA 
fragments were observed in this study: those that hybridized to all B. 
thwingiensis RNA probes Isolated throughout growth and sporulation, 
and those that hybridized only to RNAs from sporulating cells (Figs. 4, 
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5, and 6). DNA fragments that hybridized exclusively to RNA from 
vegetative cells were not observed by Southern analysis (Figs. 5 and 6). 
There have been no reports in the literature that characterize an 
exclusively vegetative promoter from B. thurtngiensis. Although the 
phospholipase C gene of B. thuringiensis has recently been cloned and 
sequenced by two groups (Henner et al, 1989; Lechner et al, 1989), 
expression data were not presented. 
Promoter clones that possess limited amounts of promoter-
proximal 5' structural gene sequence information might escape 
detection in our dot-blot assay system because they possess little, if 
any, homology to our RNA probes. It is possible, however, to detect as 
little as 300 bp of target DNA in our hybridization experiments 
because nick-translated pKOl, which contains 293 bp derived from 
the bacteriophage X O gene (McKenney etal, 1981) hybridized quite 
efficiently to the 6.6 Kb X,-H<ndIII molecular weight marker band on 
agarose gels (data not shown). 
By using restriction enzymes such as EcoRI and Mlid, which 
flank the Hfndlll cloning site in pKOl, it is possible to ascertain, by 
hybridization to galK and B. thuringiensis RNA probes, the approximate 
location of putative cloned promoters relative to galK sequences. 
Plasmid pAH12 (Fig. 6, lane 2) and pAH14 (Fig. 6, lane 4) contain 3.4 
and 5.6 Kb fragments, respectively, that hybridize to both the galK and 
Tsspo RNA probes. Further, the data presented in Fig. 6 suggest that 
promoters of strongly expressed genes in B. thurtngiensis, if cloned 
into pKOl, are relatively distant from galK In our constructs (e.g., 
pAH15, lane 5; pAH19, lane 9). Note that fragments that hybridize 
strongly to B. thuringiensis RNAs usually do not also hybridize with 
similar strength to the galK probe. In the case of pAH15, the 
promoter sequence that exists in B. thuringiensis, which is responsible 
for this highly abundant species of RNA, is probably located distantly 
from galK, or is inverted with respect to galK. On the other hand, the 
promoter might not be present in pAH15, with observed hybridization 
to RNA being caused by promoter 3' distal sequences. A transcript 
initiating from a distantly placed promoter in the correct orientation 
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might well contain galK sequences if the intervening DNA lacked 
functional transcriptional terminator structures. 
Sarmientos etal. (1983) observed that the strong E. coli rrnA 
promoter could not be stably maintained in pKOl without the 
presence of a strong transcriptional terminator placed between the 
promoter and galK. Presumably, strong promoters cannot be cloned 
directly into pKOl because no transcriptional termination sequence 
follows the galK gene in pKOl (Debouck et al, 1985). Because 
plasmid replication, and hence, plasmid copy number, is controlled by 
a mechanism involving a dynamic equilibrium of complementary 
primer transcripts synthesized from convergent promoters that flank 
ori, strong promoters cloned into pKOl may cause sufficient 
transcriptional read-through of galK such that the rate of plasmid 
replication is altered, resulting either in loss of the plasmid or in 
runaway plasmid replication and cell death. The physical distance 
between the promoters and the gaïK gene in our constructs may 
provide such terminators, or at least the opportunity for RNA 
polymerase to otherwise disengage from the template strand before 
encountering galK. 
Several of the Hindlll fragments characterized in this report 
have been isolated by electroelution and subsequently subcloned into 
pUC118. The 1.75 Kb Hindlll fragments present in plasmids pAH12 
and pAH14 are identical. The additional 4.1 Kb Hfndlll fragment in 
pAH14 was likely cloned into pAH14 together with the smaller 
fragment because it faintly hybridized to B. thwingiensis RNA in the 
same sporulation-dependent manner that the small fragment did. The 
two fragments were probably cloned together as the product of an 
incomplete digest of B. thuringiensis chromosomal DNA; alternatively, 
B. thwingiensis DNA could be have been partially modified by 
methylation, glucosylation, or some other alteration of one or more 
Hfndlll sites, and thus may be partially resistant to complete digestion 
with Hindlll. We are sequencing some of these fragments to gain more 
information about them and to more accurately localize the relevant 
promoter sequences that they contain. 
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SECTION II. CONSTRUCTION OF AN ESCHERICHIA COU-BACILLUS 
THURINGIENSIS PROMOTER-PROBE SHUTTLE VECTOR 
AND ITS USE IN STUDYING IN VIVO PROMOTER 
UTILIZATION 
Abstract 
A promoter-probe plasmid capable of replicating in Escherichia 
coli^ BacUlus subtilis, and B. thmingiensis was constructed. The hybrid 
plasmid, pAKlS, contains the promoterless galK gene of pKOl 
oriented downstream from the cloning sites (EcoRl, Sphl, Aval, 
Smal), along with Ap^ (from pBR322) and Cm'" (from pC194) 
antibiotic selection markers appropriate for selection in Gram-
negative and Gram-positive hosts, respectively. A DNA fragment 
previously cloned into pKOI (pAH23) and known to possess one or 
more sporulation-speciflc genes from B. thurtngiensis subsp. kurstaki 
HD251, was subcloned into pAK15 to form pAH40 and was 
subsequently transferred to B. subtilis by competent cell 
transformation and to B. thiuingiensis subsp. israelensis LB2 by Tn9J6-
mediated filter-mating. The pAH40 construct was unstable in B. 
thuringiensis; the plasmid suffered deletions. In B. subtilis, both pAK15 
and pAH40 were stable, but the strain that contained pAH40 grew 
slowly. RNA that hybridized to a galK probe was produced, but no 
significant galactokinase activity was detected, suggesting that the 
galK ribosomal binding site does not function well in B. subtûis. 
Transcript analysis revealed that the Cm^ gene of pC194 drives 
transcription of the galK gene in B. subtilis. 
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Introduction 
This laboratory group is investigating the mechanisms that 
control gene expression of the Gram-positive sporulating bacterium B. 
thuringiensis. Although much is known about the biochemistry and 
molecular biology of the potent insecticidal protein crystal produced 
by B. thuringiensis during sporulation, relatively little is known about 
the regulation of non-crystal associated genes. Hfndlll fragments of 
total genomic DNA were previously shotgun cloned into the promoter-
probe vector pKOl (Hurley et al, 1989), and two major temporally-
regulated classes of promoter function were observed, based on their 
pattern of hybridization to total RNA probes extracted from B. 
thuringiensis at various times throughout growth and sporulation [veg. 
To spo, T2.5 spo and T5 spo). The two classes consisted of promoter 
pKOl clones containing DNA inserts that were transcribed in B. 
thuringiensis throughout vegetative growth and sporulation, and those 
that were transcribed only during sporulation. 
To further characterize the in vivo activity of these promoters in 
a B. thuringiensis genetic background, a shuttle-plasmid, pAK15, was 
made from pKOl and pC194. pAKlS can be manipulated, maintained, 
and amplified in E. colt Plasmids extracted from E. coli can be 
introduced by competent cell transformation into B. subtilis (AN861); 
this strain carries a chromosomal copy of Tn9J6, which provides 
transfer functions necessary for plasmid transfer to B. thuringiensis 
(Naglich and Andrews, 1988a; Naglich and Andrews, 1988b). A 
plasmid construct containing a B. thuringiensis promoter could 
subsequently be transferred by filter-mating from B. subtilis to B. 
thuringiensis, where it could be stably maintained, and studied in vivo. 
The small Staphylococcus aureus plasmid pC194 is capable of 
movement from B. subtilis donors containing chromosomal insertions 
of the conjugative transposon Tn9i6 to B. thuringiensis recipients in 
cell-to-cell filter matings (Naglich and Andrews, 1988b). The 
construction of a Afunctional promoter-probe plasmid and its use in 
Table 3. Designation, characteristics, and origins of bacteria and plasmids used 
Strain or plasmid Genotype or description Origin or reference (source) 
B. Oualngiensis subsp. israelensis 
ASl r i f ^  Schreiber and Andrews, 1989 
B. thiaingiensis subsp. kurstaki 
HD251 wild-type, ciy+ Andrews et aL 1985 
B. subtilis 
AH173 tip (pAK15) lChr:rrn9i61 this study 
AH 179 trp (pAH40) [Chr::Tn9I61 this study 
AN861 trp [Chr;;Tn9161 Naglich and Andrews unpubl. 
AN883 trp (pC194) [Chr:Tn9J6I Naglich and Andrews ,1988b 
E. coli 
HBlOl F-, hsdS20, recA13, ara-14. proA2, lacYl, Bethesda Research Laboratories 
gaIK2. rpsL20. xyl-5, mtl-1, supE44 
Plasmids 
pKOl Ap  ^promoterless galK Mahairas and Minion  ^
pC194 CraiF ISP 8325b 
pAKlS Ap ,^ promoterless gaJK, Cm  ^ This study 
pAH12 Apr. spo-promoter-galK Huiley et aL , 1989 
pAH14 Ap ,^ spo-promoter-galK Huii^  etoL , 1989 
pAHie Ap  ^ veg + spo promoter-goIK HuiieyetoL , 1989 
pAHlS Ap ,^ veg + spo promoter-galK Huiiqr et aL , 1989 
pAH23 Apr, spo-pTomoter-galK Huiley et aL . 1989 
pAH27 Apr veg + spo-promoter-galK Huiley et aL , 1989 
pAH40 Ap ,^ spo-promoteT-galK. CmF This stu(fy 
^Veterinary Medical Research Institute, Iowa State University, Ames lA. 
"ISP = Peter A. Pattee culture collection. Dept. of Microbiology, 
Iowa State University, Ames lA. 
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the study of B. thwringiensis promoter function in vivo is described. 
Materials and Methods 
Bacteria and olasmids. B. subtilis AN861 (Tn9i6) was 
constructed by NagUch and Andrews (unpublished data). The sources 
of B. thiuingiensis subsp. kurstakiED26l, B. thuringiensissubsp. 
israelensis AS 1, and E. coHHBlOl [galK, recA) are listed In Table 3. All 
strains were stored at -70° C in 50% (v/v) sterile glycerol. Plasmids 
pKOl, pKOl-derivatives pAH12, pAH14, and pAH23 (cloned spo 
promoters), pAH16, pAHlS and pAH27 (cloned veg-spo promoters) 
were purified from E. coii by the alkaline-lysis method (Maniatis etal, 
1982) followed by ultracentrifugation through CsCl-EtBr gradients. 
pC194 was isolated from B. subtilis by the same procedure. 
Enzymes and galactoklnase assays. Restriction enzymes, and T4 
DNA ligase were obtained from Life Technologies, Inc. (BRL) and used 
following the recommendations of the supplier. Promoter activity was 
assessed in B. subtilis host cells harvested from modified Schaeffer's 
liquid sporulation medium (Leighton and Doi, 1971) by two methods: 
by GalK activity assays performed as described by McKenney et al. 
(1981) and by the amount of gfaiK-speciflc transcription measured by 
using a dot-blot assay of total B. subtilis RNA employing the galK probe 
described below. 
Construction of a shuttle promoter-probe plasmid. A linker 
adapter oligonucleotide with the sequence 5'-GATCACGT-3' was 
synthesized by using an Applied Biosystems Nucleic Acid Synthesizer 
at the Iowa State University Nucleic Acid Facility. The adaptor was 
used to Join the 2.9 Kb SauSA partial digest fragment of pC194 to 
pKOl linearized at the unique AatU site. The pC194 and pKOl 
digestion mixtures were mixed, ligated with a 1000-fold excess 
concentration of linker oligonucleotide and transformed into 
competent E. coliHBlOl cells. Individual transformant plasmids of 
the expected size were characterized by 0.7% agarose gel 
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electrophoresis after enzyme restriction. Plasmid DNA bands were 
subsequently analyzed by Southern blotting to verify that both pC194 
and pKOl sequences were present. One such plasmid, designated 
pAKlS, was selected for further studies. 
Construction of pAH40. Plasmid pAH23, which contains a 6.5 
Kb Hindlll fragment from B. thurtngiensis subsp. kurstakiHD251 in 
pKOl (Table 3), was digested with both EcoRl and Mlul. The plasmid 
digest was mixed, ligated overnight at 4° C to similarly cleaved pAKlS 
and transformed into E. coli cells by the CaCl2 competent-cell 
procedure of Hanahan (1983). Transformants were selected on 
MacConkey-galactose (1%) agar plates containing 100 pg per ml 
ampicillin. Colonies were further screened on LB (1% tryptone, 0.5% 
yeast extract, 1% NaCl) agar plates containing 10 |ig/ml of 
chloramphenicol. 
Plasmid transfer procedures. Competent B. subtilis cells were 
transformed with plasmids isolated from E. coli by the method of 
Gryczan etal (1978). Transformants were selected on LB agar 
containing 5 ^ig per ml of chloramphenicol, without allowing the cells 
any recovery time in antibiotic-free LB liquid broth. 
Filter matings between B. subtilis donors and B. thuringiensis 
recipients, in the absence of antibiotic selection, on nitrocellulose 
filters (Millipore, 0.45 |i) were performed as described by Naglich and 
Andrews (1988a). After overnight mating on Brain Heart Infusion 
(Difco) agar plates, cells were washed off of the filters and spread on 
BHI agar plates containing 10 |ig/ml chloramphenicol. 
Extraction of nucleic acids and labeling of probes. Total 
genomic DNA and total RNA preparations from cultures at various 
stages of growth and sporulation were made from B. thuringiensis as 
described by Hurley et ai (1989). Total RNA was purified from 
exponential phase and sporulating B. subtilis cultures by the procedure 
of Oilman and Chamberlin (1983). DNA probes were labeled by using a 
nick translation kit from BRL. The RNA preparations were labeled 
with 32p by using T4 polynucleotide kinase (Chaconas and van de 
Sande, 1980) (BRL) after removal of 5' phosphate groups by calf 
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intestinal alkaline phosphatase (Boehrlnger Mannheim). 
The galK-speciûc DNA probe was prepared by digesting pKOl 
with both Hindlll and Mltd to release a 957-bp fragment containing 
the N-terminal 789 bp of galK. The fragment was electroeluted from 
0.7% agarose gel slices into a dialysis bag immersed in 0.1 X electrode 
buffer (9 mM TWs-Cl, pH 8.4, 9 mM Boric acid, 0.2 mM EDTA) by 
using a constant voltage of 1000 volts for 8 min. This was followed by 
extraction with phenol:chloroform:isoamyl alcohol (25:24:1), 
chloroform:isoamyl alcohol (24:1), ethanol precipitation, and 
resuspension in TE buffer (10 mM Tris-Cl, 1 mM EDTA, pH 8). The 
purified fragment was stored at -20 °C until needed. 
The 6.5 Kb Hindlll fragment from plasmid pAH23 was purified 
from SEAPLAQUE® low gelling temperature agarose by the procedure 
described by Maniatis et al (1982). Purified DNA fragments were 
radiolabeled with 32p by nick-translation, using a kit purchased from 
Life Technologies, Inc. 
Plasmid DNA minipreparations from 1.5 ml of E. coli cells 
cultured overnight in LB broth containing 100 ixg per ml ampicillin 
were performed by the alkaline-lysis procedure of Maniatis et al. 
(1982). Plasmid DNA minipreparations from 1.5 ml each of B. subtilis 
and B. thurtngiensis cells cultured overnight in LB broth containing 10 
|ig per ml of chloramphenicol were made by essentially the same 
procedure, except that 1 mg/ml and 15 mg/ml lysozyme, respectively, 
were used to form protoplasts for one hour at 37° C prior to the 
SDS/NaOH lysis step. Total genomic DNA minipreparations from 1.5 
ml of B. thurtngiensis recipient cells that contained Cm^ plasmlds, and 
cultured overnight in LB broth containing 10 |ig per ml 
chloramphenicol, were performed by the hexadecyltrimethyl 
ammonium bromide (CTAB)-precipitation procedure as described in 
Current Protocols in Molecular Biology (Wilson, 1987). 
Hybridization procedures. Nucleic acids were transferred from 
agarose gels by using a VACUBLOT® apparatus (American Bionetlcs, 
Hayward CA) as described by Medveczky et al (1987). Southern blot 
hybridization procedures with DNA and RNA probes (Southern, 1975) 
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were carried out as described by Maniatls et al (1982) on NYTRAN® 
nylon membranes (Schliecher and Schuell, Keene NH) followed by 
autoradiography on Kodak X-Ray film in the presence of an intensifying 
screen (RAKEX BLUE III®, MCI Optonix, Cedar Knolls, NJ). Total B. 
subtilis RNA dot-blots were performed as described by Trempy et al 
(1985). 
Results 
Characterization of selected B. thurtnaiensis promoter fragments. 
Hindlll fragments from B. thurtngiensis total genomic DNA were cloned 
into the promoter-probe vector pKOl by Hurley et al (1989). In that 
study, two classes of hybridization to Insert DNA by radiolabeled B. 
thurtngiensis RNA probes were observed: one class of DNA insert 
hybridized to probes taken from both exponentially growing and 
sporulating cells. The other class of DNA insert hybridized only to 
RNA from sporulating cells. To confirm and extend these data, three 
plasmids from each class were analyzed by Southern hybridization with 
four radiolabeled RNA probes {veg. To spo, T2.5 spo and T5 spo). As 
shown in Fig. 7, plasmids pAH12 and pAH14 possess a common 1.75 
Kb Hindlll fragment that hybridizes to sporulation RNA (panels D and 
E, lanes 1 and 3; lanes 2 and 4 are EcdRl-Mlid double digests of the 
same plasmids). Plasmids pAH16 (panels B-E, lanes 5-6) and pAH27 
(panels B-E, lanes 11-12) hybridize strongly to all of the RNA probes. 
Sequences encoding abundant forms of RNA likely to be present in 
these plasmids, and exist throughout growth and sporulation. Plasmid 
pAH23 (panels D and E, lanes 9-10) contains a 6.5 Kb HinûUl insert 
(lane 9) that hybridizes faintly to T2.5spo RNA and more strongly to 
Tgspo RNA. Plasmid pAH18 (lanes 7-8) hybridizes very faintly to all 
four probes; it is barely discernible on the autoradiograms. 
Construction of a novel promoter-probe shuttle vector. pAKlS 
was constructed as described in Materials and Methods (Fig. 8). The 
orientation of the 2.9 Kb pC194 fragment within pAK15 was 
FIG. 7. Southern blot hybridization of RNA probes from B. thuringiensis to selected recombinant 
pKOl molecules digested with HindSl or with EcoRI and Mîul 
Plasmids that contain putative B. thiamgiensis promoters were treated with the appropriate 
restriction en2yme(s) and the resulting DNA fragments electrophoretically separated on 0.7% 
agarose gels (panel A). This was followed by transfer of the fragments from the gel to a nylon filter. 
Panels B-E are autoradiograms of the resulting Southern blots of the gel in panel A probed with the 
four radiolabeled total RNA probes from B. thuringiensis subsp. kurstaki HD251 described in the 
text. The blot in panel B was probed with the veg RNA probe. The blot in panel C was probed 
with the Tospo RNA probe. The blot in panel D was probed with the T2.5SPO RNA probe. The blot 
in panel E was probed with the Tgspo RNA probe. Odd lanes, Hindlll-cleaved plasmids. EXren 
lanes, EcoRI-MluI-cleaved plasmids. Lanes 1-2, pAH12; lanes 3-4, pAH14; lanes 5-6, pAH16; lanes 
7-8, pAH18; lanes, 9-10, pAH23; lanes 11-12, pAH27. 
A 
probe: 
B 
I-
1 
D BtkTuqnBRA E 
FIG. 8. Construction of promoter-probe E. coli-B. subtttis shuttle-vector 
pAKlS 
pAK15 was constructed from a partial Sau3A-cleaved pC194 molecule 
(2905 bp) and an Aatll-cleaved pKOl molecule (3907 bp) by ligation 
to an oligonucleotide linker-adaptor with the sequence 5'-GATCACGT-
3'. pAK15 replicates in E. coH via the ColEl origin of replication of 
pBR322, and in E. coli, B. subtttis, and B. thurtr^iensis via the pC194 
origin of replication, as a rolling circle (Gruss and Ehrlich, 1989). 
Restriction sites relevant to this study are shown. The size of pAK15 
is approximately 6.8 Kb 
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determined by evaluating the size of a Styl-Mlul fragment after 
electrophoresis and comparison with expected sizes of the predicted 
fragment in the two proposed orientations (data not shown). Styl 
cuts the plasmid within the Cm^ gene and Mlul cuts within galK. In 
one orientation, the Styl-Mlul fragment would be much larger than in 
the other orientation. 
Subcloning promoter fragments into pAKlS. Plasmid pAH23 
consists of pKOl (3.9 Kb) that contains a 6.5 Kb Hindlll insert from B. 
thuringiensis subsp. kurstakiHD251 that hybridizes specifically to RNA 
extracted from sporulating J3. thuringiensis cells. pAH23 and pAK15 
were digested in separate reactions with both EcoRl and Mlul. The 
digests were mixed, llgated, and transformed into freshly prepared 
competent E. coli HBlOl cells. Transformation mixtures that were 
plated onto LB agar containing 100 pig/ml ampicillin and 5 M-g/ml 
chloramphenicol yielded no colonies; however, abundant numbers of 
transformant colonies were observed on LB agar containing only 100 
|ig/ml of ampicillin. Individual transformant colonies were screened 
first by using sterile toothpicks to transfer individual colonies to 
MacConkey-galactose agar plates containing 100 |ig/ml of ampicillin 
and to LB agar plates containing 5 and 10 |ig/ml of chloramphenicol. 
Out of 100 colonies tested, 2 were both red in color on MacConkey-
galactose agar and resistant to 10 iig/ml chloramphenicol. Further 
screening of the two clones was performed by extraction of plasmid 
DNA, followed by digestion with Hindlll and size analysis of the 
resulting fragments by electrophoresis through agarose gels. One 
plasmid, pAH40 (Fig. 9), was selected for further analysis. It consists 
of pAK15 (6.0 Kb) containing a 6.5 Kb Hfndlll fragment from B. 
thuringiensis subsp. kurstaki HD251, in the same orientation as it exists 
in the parent pKOl derivative, pAH23. 
Filter mating experiments. Both pAK15 and pAH40 were 
isolated from E. coli host cells and transformed into B. subtilis AN861 
competent cells. pAK15 and pAH40 transformants were selected on 
LB agar containing 5 ng/ml of chloramphenicol without allowing 
recovery in antibiotic-free medium. The two resulting strains were 
FIG. 9. Plasmld pAH40 
The size of pAH40 is 12.8 Kb. The plasmld was constructed by 
ligatlng the large EcoRI-MluI fragment from pAH23 to EcoRI-MluI 
cleaved pAK15 (see Fig. 8). This plasmld replicates in E. coli, B. 
subtilts, and B. thuringiensis. The 6.5 Kb Hfndlll fragment in both 
pAH23 and pAH40 contain promoters that function in E. coli and in B. 
subtlUs. 
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designated AH173 and AH 179, respectively. The two strains, along 
with strain AN883 Crn9I6, pC194), were used as plasmid donor cells 
in a filter-mating experiment with recipient B. thuringiensis subsp. 
israelensis ASl cells (ri/r). The three B. subtilis donor strains thus 
differ only in the size of their respective pC194 replicon, i.e., pC194 
(2.9 Kb), pAK15 (6.0 Kb), and pAH40 (12.5 Kb). All three strains grow 
vigorously in the absence of chloramphenicol, but AH 173 (Tn9i6, 
pAKlS) and AH179 (Tn9J6, pAH40) grow considerably slower than 
does AN883 (Tn9i6, pC194) in the presence of chloramphenicol (10 
|ig/ml). In the absence of selection both pKO 1 -containing plasmids 
were rapidly lost (data not shown). 
Both pAKlS and pAH40 are stably maintained in B. subtilis (in 
the presence of selection for chloramphenicol resistance), but pAH40 
was unstable in B. thuringiensis after introduction by cell-to-cell filter 
mating. Figs. 10 and 11 show the results of one B. subtilis AH179 X B. 
thuringiensis subsp. israelensis ASl filter-mating experiment. In each 
figure, panel A shows an agarose gel of plasmid and chromosomal 
DNAs extracted from selected Cm^ transconjugants, and panels B and 
C show autoradiograms of the resulting Southern blot; the 
autoradiogram in panel B was obtained after the blot was probed with 
nick-translated pAKlS. Panel C is an autoradiogram of the same blot 
after the pAKlS probe was stripped off and the blot was reprobed with 
galK probe. Fig. 10, lanes 2-4, show uncut plasmid, Hfndlll-cleaved 
plasmid, and total genomic DNA extracted from the B. thuringiensis 
ASl negative parental control. As expected, neither of the two probes 
hybridizes to these RNAs. Lanes 5-6 contain uncut and Hindlll-cleaved 
plasmid DNA extracted from the B. subtilis AH 179 (Tn9i6, pAH40) 
positive parental control. As expected, both probes hybridize to the 
parental plasmid DNA. Lanes 1, 7 and 20 contain X-HindlU and 
(t)X174-HaeIII size markers. Note that the 6.6 Kb X-Hindlll band in 
these lanes hybridizes to the radiolabled pAK15 probe. This is because 
the original construction of pKOl included a 293 bp fragment derived 
from X DNA (McKenney et ai., 1981). As such, the size markers in this 
experiment serve as both positive and negative controls for the 
FIG. 10. Southern hybridization pAK15 and galK probes to plasmid and total genomic DNA 
samples from selected chloramphenicol- and rifampicin-resistant B. fhwingiensis subsp. 
israelensis transconjugants produced by filter-mating between B. subtUis AH179 (rn916, 
pAH40) and B. thuringiensis subsp. israelensis ASl {rif) 
Shown is a 0.7% agarose gel containing DNA. samples and autoradiograms of resulting Southern 
blots derived from them. Lanes 1, 7 and 20, HincQII-cleaved A, DNA. plus HoelH-cleaved ({)xl74 DNA 
size standards; lanes 2-4, negative recipient parental control, B. thuringiensis subsp. israelensis AS-
1, uncut plasmid, Hindin-deaved plasmid, and Hindlll-cleaved total genomic DNA, respectively; 
lanes 5-6, positive donor parental control, B. subtilis AH179, uncut and Hindlll-cleaved plasmid; 
lanes 8-10, 11-13, 14-16, 17-19, uncut plasmid, Hindlll-cleaved plasmid, and Hindlll-deaved total 
genomic DNA from four randomly selected transconjugants. The autoradiograms represent 
Southern blots probed with radiolabeled nick-translated pAK15 (middle), and gaJK (right) probes. 
See text for details of probe removal. 
A B C 
pAKlS probe gatK probe 
FIG. 11. Southern hybridization of pAK15 and galK probes to plasmld and total genomic DNA 
samples from selected chloramphenicol- and rifampicin-resistant B. thuiingiensis subsp. 
israelensis transconjugants produced by filter-malting between B. subtilis AH179 frn9I6, 
pAH40) and B. tlmringiensis subsp. israelensis ASl (rif) 
Shown are a 0.7% agarose gel containing DNA samples and autoradiograms of resulting Southern 
blots derived from them. Panel B: lane 1, positive donor parental control (Hindin-cleaved plasmid 
from B. subtilis AH179); lanes 2-4, 5-7, 8-10, and 11-13, uncut plasmid, Hindni-cleaved plasmid, 
and Hindlll-deaved total genomic DNA, respectively, from four additional randomly selected 
transconjugants; lane 14, Hmdni-cleaved X DNA plus Hoelll-cleaved <j>xl74 DNA size standards. 
The autoradiograms represent Southern blots probed with radiolabeled, nick-translated pAKlS 
(middle), and galK (right) probes. 
ptAKlS probe galK probe 
1 1 2  
stringency of probe-to-target hybridization, and confirms the 
sensitivity of the reaction, with respect to the minimum number of 
bases required for target DNAs to be detected. 
Fig. 10, lanes, 8-10, 11-13, 14-16 and 17-19, respectively, 
contain uncut plasmid DNA, Hfndlll-cleaved plasmid DMA, and total 
genomic DNA from four randomly selected Cm^ transconjugants (these 
strains can withstand selection for Cm' at levels up to 55 |j,g 
chloramphenicol/ml agar). As shown in Panel B, the Cm^ plasmids 
extracted from these B. thurtngiensis filter-mating recipients are 
smaller in size than intact pAH40 from B. subtilis (compare lanes 9, 
12, 15, and 18, with lane 5). These data suggest that the Cm^ 
plasmids that exist in these B. thurtngiensis transconjugants have 
suffered deletions as a consequence of their introduction into 
recipient cells. To investigate the nature of the deletion event, the 
pAK15 probe was stripped from the blot, and the blot was 
rehybridized with the galK probe (panel C). The galK gene itself was 
evidently included in the portion of plasmid DNA that was deleted. 
Fig. 11 is a similar analysis of four additional randomly selected 
Cm^ B. thurtngiensis transconjugants from the same mating experiment. 
Lanes, 2-4, 5-7, 8-10, and 11-13, respectively, contain uncut plasmid 
DNA, Hfndlll-cleaved plasmid DNA, and total genomic DNA from the 
four Cm^ transconjugants. Again, Panel B shows that the Cm^ plasmids 
are smaller in size than intact pAH40 (compare lanes 3, 6, 9, and 12, 
with lane 1). 
GalK expression. To study the expression of the galK reporter 
gene in vivo in a Gram-positive background similar to B. thurtngiensis, 
the three B. subtilis mating donor strains were cultured in modified 
liquid Schaeffer's sporulation medium and samples were removed 
hourly throughout growth and sporulation. Cells (1.0 ml) were lysed 
with 2-3 drops of toluene and assayed for galactokinase activity (Table 
2). These data suggest that, except for exponentially growing AH 173 
cells, all samples contained very little, if any, functional galactokinase. 
Exponentially dividing AH 173 cells possessed 32 units of galacto­
kinase activity, a level clearly above background. This result was not 
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Table 4. Galactokinase activity assays on B. subtûis host cells that 
possess pC194 and derivatives of pC194 containing galK 
constructs 
Units of galactokinase activity^ 
Strain (plasmld) veg Tospo Tispo T2spo Tsspo T4SP0 Tsspo 
AN-883 (pCl94) 
AH-173 (pAK15) 
AH-179 (pAH40) 
1.3 
32.5 
1.8 
2.8 1.9 2.0 3.1 2.1 
3.0 1.7 3.2 2.3 2.7 
4.7 2.1 2.5 1.6 2.3 
2.3 
2.4 
1.8 
^Galactokinase units are defined as nmol galactose phosphorylated 
per minute per ml of cells harvested at hourly intervals throughout 
growth and sporulation from Schaeffer's sporulation medium 
supplemented with 0.01 mg/ml chloramphenicol. 
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expected because the galK gene in pAKlS should ideally be 
transcriptionally silent if it is to be useful as a promoter-probe vector. 
Total RNA was extracted from 5 ml portions of cells taken 
hourly from the same three cultures. After treatment with DNasel, the 
concentrations of RNA in the samples were normalized and equal 
amounts (50 |ig) were dotted onto a nylon membrane. The resulting 
dot-blot (Fig. 12) was probed first with the radiolabeled galK DNA 
fragment (panel A). After autoradiography, the probe was removed and 
the dots were hybridized with a second probe consisting of the 6.5 Kb 
Hfndlll DNA insert from pAH23 (panel B). As shown in Fig. 12, RNA 
isolated from B. subtilis AN883 (Tn916, pC194) did not hybridize to 
either probe, as expected. However, and this was unexpected, the 
galK gene was strongly expressed in B. subtilis AH 173 {Tn9I6, pAK15) 
cells. This expression is presumably driven by transcription which 
initiates from the Cm*" gene within the pC194 moiety of the pAK15 
vector (see Figs. 8 and 9). This result is consistent with the presence 
galactokinase activity in vegetative AH 173 cells. The lack of consistent 
GalK activity during sporulation might be due to proteases in these 
cells. It was earlier observed that E. coli colonies that harbored pAK15 
were white on MacConkey-galactose agar, but were red on MacConkey-
galactose agar plates containing 1 p.g/ml of chloramphenicol. This 
level of chloramphenicol is sublethal for E. coli but is sufficient to 
induce transcription from the Cm^ gene. These results are in 
agreement with the observations of Horinouchi and Weisblum (1982). 
Abundant galK transcripts are produced because the Cm^ gene is self-
inducible, and because the cells were grown in the presence of 
chloramphenicol (10 jig/ml). 
The galK gene in strain AH 179 (Tn9J6, pAH40) is also 
transcriptionally active (panel A). However, it is unclear whether this 
is due to transcription that initiates from the Cm^^ gene. RNA 
polymerase may traverse the entire 6.5 Kb Hindlll Insert and only then 
enter galK sequences. Alternatively, transcription might initiate from 
a site within the cloned B. thwingiensis DNA fragment. If the first 
explanation is correct, the 6.5 Kb DNA fragment may contain a 
FIG. 12. Dot-blots of total RNA isolated jfrom three B. subtiUs plasmid donors at various times 
throughout growth and sporulation to radiolabeled DNA probes 
The three donor strains each contain the same chromosomal insertion of Tn9I6, and they differ 
only in the size of their pC194-based replicons. AN-883 contains pC194, AH-173 contains pAK15, 
and AH-179 contains pAH40. Total RNA was isolated from 5 ml samples taken from mid-
exponential phase ceUs [veg) and hourly after the onset of stationary phase (Tospo-Tsspo) in 
modified Schaeffer's liquid sporulation medium. Positive controls (far right): 50 ng each of pAK15 
and pAH40 DNA. RNA target samples (50 }ig each in a 5 ^ volume) were heated to boiling in 5X 
SSC and then were immediatedly applied to a sheet of nylon membrane. Hie DNA targets were 
boiled for 5 min in 5X SSC, placed in an ice-water bath for an additional 5 min, and applied to the 
membrane. The DNA probes used were galK (panel A) and the 6.5 Kb Hindin insert from B. 
thixringiensis subsp. kurstaki in pAH40 (panel B) 
•POfiil«tion 
veg To Ti Ta T3 
AN 883 (pC194) 
AH 173 (pAKlS) 
AH 179 (pAH40) e # 
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A 
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relatively efficient transcriptional terminator that causes RNA 
polymerase to disengage from the template, but that allows a 
significant amount of read-through transcription into galK. It is also 
plausible that a long transcript containing Cm^ , B. thurtngiensis, and 
galK sequences is less stable in B. subtilis than the transcript formed 
by pAK15, which does not possess the intervening material. The 
hybridization pattern displayed by the RNA from AH 179 to the B. 
thurtngiensis DNA probe suggests that at least some of the sporulation-
speciflc promoter activity observed by Southern blot analysis of this 
fragment (Fig. 7), may contribute toward the overall accumulation of 
gdlK transcripts in B. subtilis. 
To further investigate transcription of galK in B. subtilis donors, 
the galK probe was removed from the blot, and the blot was probed 
with the 6.5 Kb Hindlll insert fragment of pAH40 (panel B). As 
expected, RNAs from both AN883 and AH 173 did not hybridize to this 
probe, but there was a faint, detectable sporulation-dependent pattern 
of transcription from pAH40 in strain AH 179 that was fairly strong at 
Tospo and again, somewhat weaker, from T2 spo to T4spo. 
Discussion 
This research group is interested in the mechanisms of gene 
regulation in B. thuringiensis. The current study focuses on B. 
thuringiensts subsp. kurstakiHD251, an isolate that possesses low levels 
of intracellular proteases during sporulation (Andrews et al, 1985; 
Bibilos and Andrews, 1988). Thus, the use of strain HD251 should 
facilitate studies on the synthesis of sporulation proteins in a crystal-
forming sporulating bacterium. Recently, Naglich and Andrews 
(1988a, 1988b) demonstrated that B. thuringiensis recipient cells in 
filter-mating experiments could accept, and stably maintain, genetic 
material from both Streptococcus Jaecaelis and B. subtilis donors. Lyon 
and Andrews (submitted for publication) expanded the utility of the 
filter-mating protocol to include B. amyloliquefaciens as a recipient. 
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With the continuing development of this genetic system in this 
laboratory, the introduction of B. thuringiensis promoter-galK plasmid 
constructs (Hurley et al, 1989) into B. thuringiensis became 
experimentally feasible. 
Three plasmids from each of the two expression classes 
observed by Hurley et al. (1989) were analyzed in the current study by 
Southern hybridization to total RNA probes taken from B. thuringiensis 
subsp. kurstaki HD251 {veg. To spo, T2.5 spo and T5 spo). The data 
presented in Fig. 7 show that the three representatives from the 
sporulation-specific expression class (pAH12, pAH14, and pAH23) 
each contain DNA fragments that hybridize efficiently to RNA taken 
from sporulatlng cells, but inefficiently to RNA taken from vegetative 
and Tospo cells. On the other hand, the three representatives from 
the other expression class (pAH16, pAH18 and pAH27) contain DNA 
fragments that are transcriptionally active at all times throughout 
growth and sporulation. Plasmids pAHlG and pAH27 clearly possess 
DNA fragments from abundantly expressed genes. Because 
approximately 95% of all bacterial RNA is either in the form of rRNA 
tRNA, or ribosomal protein mRNAs, it is tempting to speculate that 
these plasmids contain some of these sequences. 
A bifunctional promoter-probe vector, pAK15, was constructed 
using the promoterless galK gene of pKOl and the origins of 
replication and selectable antibiotic markers from pKOl and pC194. 
Plasmid pAK15 was designed for use in studying in vivo promoter 
activity in B. subtilis and B. thuringiensis. pAKlS has been used to test 
the utility of Gram-positive filter-mating for reintroduction of cloned 
B. thuringierxsis DNA sequences into near-isogenic hosts. It was 
observed in this study that a pAK15 derivative containing a 6.5 Kb DNA 
fragment from B. thuringiensis subsp. kurstaki HD251, pAH40, known to 
possess a sporulation-specific promoter, was extremely unstable in B. 
thuringiensis (Figs 10 and 11). In addition, most, if not all, of the galK 
gene was deleted from these Cm^ plasmids (far right-hand panel. Figs 
10 and 11). Two possible reasons for this deletion phenomenon are: 
A) the 6.5 Kb fragment of DNA from B. thuringiensis subsp. kurstaki 
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HD251 shares enough homology with a portion of the B. thuringiensis 
subsp. israelensis chromosome that the plasmid disintegrates as the 
result of a subsequent recombination-like event, or B) the galK gene 
itself is somehow toxic to B. thuringiensis. It is unlikely that 
galactokinase is synthesized in these B. thuringiensis strains because 
GalK activity is virtually undetectable in B. subtilis cells containing the 
plasmids (Table 4), despite the presence of gaîK-speciîic transcripts 
(Pig. 12). 
pAK15 was designed as a promoter-probe plasmid that could be 
used in B. thuringiensis, after cloning of promoter-containing DNA 
fragments in E. coli, and introduction of plasmids into B. subtilis donors 
for filter-mating experiments. In such a promoter-probe plasmid, it is 
essential that the reporter gene be transcriptionally silent in all three 
hosts. However, pAK15 clearly possesses a chloramphenicol-inducible 
galK transcriptional activity in both E. colt (Horinuchi and Weisblum, 
1982) and in B. subtilis (Fig. 12, panel A). It wUl be paramount to alter 
pAK15 by adding a strong transcriptional stop structure between the 
end of Cm^ and the cloning sites. pAKlS could be further improved by 
adding another transcriptional stop downstream from galK to facilitate 
the cloning of strong promoters. In addition, the utility of pAK15 
could be improved by the addition of a multiple cloning site (e.g., from 
pUC18/19) and a Gram-positive ribosomal binding site at the 
beginning of galK so that cell-free extracts could be assayed for GalK 
activity. 
An additional barrier to the use of pAK15 in B. thuringiensis for 
the study in vivo of promoter activity are the apparent homologous 
recombination pathways present in B. thuringiensis. It will be 
necessary to construct a recombinationless derivative of strain HD251. 
This might be accomplished by insertlonal inactivation of the cloned 
B. subtilis recE gene with an antibiotic resistance marker followed by 
introduction of the interupted recE gene into B. thuringiensis and 
selection for antibiotic resistance. 
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CONCLUSION AND PROSPECTUS 
The Gram-positive, sporulating bacterium B. thuringiensis 
contains promoter DNA sequences that are expressed at different 
times throughout growth and sporulation. This was demonstrated by 
hybridizing promoter-containing DNA sequences from B. thixringiensis 
subsp. kurstaki HD251 cloned into the promoter-probe plasmid pKOl 
to radiolabeled total RNA extracted from the same B. thuringiensis 
subsp. kurstaki HD251 cells at different times during growth and 
sporulation. Because differentially expressed mRNA molecules 
constitute a finite and observable proportion of the total cellular RNA 
that exists at any given time during cell growth and spore formation, 
such populations of RNA can be used to probe cloned DNA libraries for 
their cognate matches. Furthermore, the intensity of the hybridization 
signal is proportional to the abundance of that particular mRNA 
species within the total RNA population, and hence is a measure of 
promoter "strength" along with other factors such as relative mRNA 
stability. 
These observations provide evidence that B. thuringiensis joins a 
growing list of bacteria that contain multiple forms of RNA polymerase 
which differ from one another only by their sigma subunits, which, in 
turn, are responsible for the ability of RNA polymerase to recognize 
and bind to different sets, or families, of genes. This mechanism 
allows the cell to respond quickly to changing needs, be it nutrient 
depravation, temperature shift-up (or shift-down), or some other 
sudden stress, such as DNA damage, or physiological opportunity, such 
as nitrogen fixation. The ability to synthesize multiple sigma factors 
provides a cell with the ability to express numerous genes at loci 
distantly placed from one another. The synthesis of one new protein 
can thus cause the coordinate expression of many genes whose 
products are required for some necessary molecular task. Other 
regulatory circuits and levels of gene regulation undoubtedly exist in 
this bacterium; our laboratory will continue to characterize these 
interrelated mechanisms. 
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The experimental observations reported in this dissertation also 
demonstrate that further work is necessary before B. thuringiensis can 
be used as a "cloning host" for its own genes. It will be necessary to 
construct a recombinationless B. thuringiensis recipient, for use in 
fllter-matings and electroporation experiments. The Andrews 
laboratory must obtain a cloned B. subtilts recE gene that could be used 
to inactivate the rec gene of B. thuringiensis. The B. subtilis gene is 
highly homologous to the E. colt gene, and it should have even higher 
homology to the B. thuringiensis gene. Perhaps the Smol Km^ gene 
cassette currently being used by the P.A. Pattee laboratory could be 
inserted into the middle of recE; the insertionally-inactivated recE 
gene could then be "rescued" into the B. thuringiensis chromosome by 
selecting simultaneously for plasmid instability and Km^. 
If a rec recipient strain is obtained, it would be ideal for use in 
studies performed to gain an understanding of the function of 
homologous genes, and to harness the unique abilities of B. 
thuringiensis to synthesize prodigious amounts of proteins made by 
other microorganisms. The filter-mating protocol developed by 
Joseph Naglich in our laboratory has been adapted to the study of 
promoters in B. thuringiensis: However, when plasmids were 
introduced into B. thuringiensis, they were unstable, probably because 
of a homologous recombination event that occurred between the 
cloned B. thuringiensis insert and the B. thuringiensis chromosome. One 
way to overcome this technical obstacle would be to construct a 
recombinationless B. thuringiensis strain specifically for these types of 
experiments. Then it would be possible to compare the efficacy of 
these and other promoters in disparate genetic backgrounds. 
How can this research strategy be strengthened? What 
direction should this research project go? The construction of pAK15 
and its use in B. thuring^nsis provides the key. However, before pAK15 
can be used as a promoter-probe plasmid in B. thuringiensis or B. 
subtilis, a few modifications should be made: A) the galK and Cmi" 
genes need strong transcriptional terminators Just 3' to their coding 
sequences so that the vector will be transcriptionally silent in the 
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region of the cloning sites during the presence of chloramphenicol, 
and plasmid copy number will not be affected by the cloning of strong 
promoters. B) pAKlS needs a multiple cloning site polylinker so that 
several different enzymes could be employed to generate promoter 
libraries, and C) the promoterless galK gene needs a ribosomal 
binding site that is functional in B. thwringiensis and B. subtUis. 
These criteria being met, the most profitable direction to 
proceed would be to clone small DNA fragments on a massive scale 
into this shuttle vector, taking advantage of the multiple cloning sites, 
to make several different promoter libraries. Upon transformation of 
each library into E. colU all of the colonies on ampicillin plates would 
be harvested and their plasmid DNA extracted. The plasmids would 
be used to transform competent B. subtUis cells. All colonies on 
chloramphenicol plates would be combined, and the cell mixture 
inoculated into rich medium to prepare them for filter-mating with B. 
thuringiensis recipients, and transfer of their plasmids into B. 
thuringiensis. The resulting chloramphenicol-resistant B. thuringiensis 
transconjugants would then be screened (and this would be the first 
screen of the plasmids for cloned promoters) by measuring galK 
activity. 
How to measure GalK activity in B. thuringiensis deserves 
comment. The originators of pKOl stated that the cloning host had to 
be GalT+, GalE+, GalK". This is because galactokinase action in the 
presence of galactose produces galactose-1-phosphate, which is toxic 
to cells in the absence of a mechanism to shunt the galactose-1-
phosphate off into glycolysis. Because B. thuringiensis is unable to grow 
on galactose (Baumann et ai, 1984) and contains no demonstrable 
GalK activity (R.E. Andrews, Jr., Department of Microbiology, Iowa 
State University, unpublished observations), the cloning of promoter 
sequences connected to galK into B. thuringiensis, and expecting them 
to grow on galactose as their primary carbon source in a colony based 
detection scheme, could result in failure (in fact, only non-promoters 
could be cloned in such a protocol because all galK+ clones would die). 
The ability of B. thuringiensis to transport galactose across its cell wall 
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and membrane needs to be assessed. Galactose may not be 
significantly transported and hence, galactose-1-phosphate may not 
attain toxic levels. In this instance, the cloned promoters would 
survive on their replicons, and their corresponding hosts would form 
colonies on galactose-contalning agar medium (provided that 
alternative nutrients are available). These constructs, however, 
probably could not be visually screened for transcriptional activity. 
Such clones might be screened, however, by making cell-free extracts 
and performing GalK activity assays. Alternatively, a dot-blot 
hybridization assay, using the Internal Htnàïlî-Mlid galK probe 
described in this dissertation, could be used to quantitate the levels of 
flfalK-containlng RNAs that are synthesized at various times during 
growth and sporulation. Dot-blot assays are relatively easy to perform, 
many clones can be assayed at once, the resulting hybridization signals 
on the autoradiograms could be quantified by densitometric scanning, 
the nylon membranes could be stripped and reprobed, and the 
problems associated with harvesting Intact RNAs from B. thuringiensis, 
especially during sporulation, would be obviated; RNA dot-blots do not 
require the target sequences in the samples to be intact (i.e., the 
mRNA molecules do not need to be full-length) to allow quantitation of 
a specific RNA species. 
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As Thoreau so aptly puts it in Walderu 
.. alert and healthy natures remember that the sun rose clear. It 
is never too late to give up our prejudices. No way of thinking or 
doing, however ancient, can be trusted without proof. What 
everybody echoes or in silence passes by as true today may turn 
out to be falsehood tomorrow, mere smoke of opinion, which 
some had trusted for a cloud that would sprinkle fertilizing rain 
on their fields. What old people say you cannot do you tiy and 
find that you can". 
I discovered this passage quite by accident while studying for my 
preliminary examinations two years ago. Since then, I have read 
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these words often, and they have kept me going throughout the 
hard times and helped me to shape my method of scientific inquiry. 
I hope I never lose this measure of skepticism. 
